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USE OF EARLY FORMED LIFT-OFF LAYER
IN FABRICATING GATED ELECTRON-
EMITTING DEVICES

CROSS-REFERENCE TO RELATED
APPLICATTONS

This 1s a continuation of U.S. patent application Ser. No.
08/269,229, filed 29 Jun. 1994, and now U.S. Pat. No.
5,564,959, which 1s a continuation-in-part of both U.S.
patent application Ser. No. 08/118,490, filed 8 Sep. 1993,
now U.S. Pat. No. 5,462,467, and U.S. patent application
Ser. No. 08/158,102, filed 24 Nov. 1993, now U.S. Pat. No.
5,559,389, and 1s related to Spindt et al, co-filed U.S. patent
application Ser. No. 08/261,311 “Fabrication of Electron-
emitting Structures Using Charged-Particle Tracks and
Removal of Emitter Material,” filed 29 Jun. 1994. To the
extent not repeated herein, the contents of these three related
applications are incorporated by reference herein.

FIELD OF USE

This invention relates to electron emission. More
particularly, this invention relates to techniques for manu-
facturing electron-emitting devices, commonly referred to as

cathodes, suitable for products such as cathode-ray tube
(“CRT”) displays of the flat-panel type.

BACKGROUND ART

Cathodes can emit electrons by photoemission, thermi-
onic emission, and field emission, or as the result of negative
electron affinity. A field-emission cathode (or field emitter)
supplies electrons when subjected to an electric field of
suificient strength. The electric field 1s created by applying
a suitable voltage between the cathode and an electrode,
typically referred to as the anode or gate electrode, situated
a short distance away from the cathode.

When used 1n a flat-panel display such as a flat-panel
television or video monitor, a field emitter typically contains
a group, often a very large group, of individual electron-
emissive elements distributed across a supporting structure.
This configuration 1s referred to here as an area field emitter.
Busta, “Vacuum microelectronics—1992,” J. Micromech.
Microeng., Vol. 2, 1992, pp. 43—74, describes a number of
different techniques that have been 1nvestigated for manu-
facturing electron-emissive elements 1n gated area field
emitters.

Fischer et al, “Production and use of nuclear tracks:
imprinting structure on solids,” Rev. Mod. Phys., Oct. 1983,
pp. 907-948, describes how nuclear tracks are employed in
manufacturing field emitters according to a replica tech-
nique. In Fischer et al, nuclear tracks are formed through a
substrate. The tracks are etched to create cavities 1n the
substrate after which metal 1s deposited on the substrate to
create a film that extends across the substrate and fills the
cavities. The substrate 1s then removed. The metal film,
including the resultant metal protrusions, form an area field
emitter as a replica of the substrate.

Some arca field emitters employ elongated electron-
emissive elements. For example, Yoshida et al, U.S. Pat. No.
5,164,632, discloses a gated field emitter 1n which solid
clongated electron-emissive elements are created in pores
extending through a dielectric layer. Greene et al, U.S. Pat.
No. 5,150,192, uses hollow elongated electron-emissive
clements.

Other area field emitters utilize generally conical electron-
emissive elements. See Spindt et al, U.S. Pat. No. 3,665,241.
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Also see Borel, U.S. Pat. No. 4,940,916; Betsui, “Fabrica-
tion and Characteristics of S1 Field Emitter Arrays,” Tech.
Dig. IVMC 91, pp. 26—29; and Fukuta et al, European Patent
Publication 508,737 Al.

In yet other area field emitters, electron-emissive particles
of various shapes and/or sizes are distributed across a
supporting layer at the bottoms of openings that extend
through a gate structure overlying the supporting layer.

Chason, U.S. Pat. No. 5,019,003, discloses an example of
this type of field emitter. Other such examples are disclosed
in Thomas et al, U.S. Pat. No. 5,150,019; Jaskie et al, U.S.
Pat. No. 5,278,475, and Kane et al, U.S. Pat. No. 5,252,833,

When a portion of a gated arca field-emission device 1n a
flat-panel CRT 1s actively emitting electrons as the result of
a suitable applied extraction voltage, the current density
produced by emitted electrons i1deally should be uniform
across the activated portion. In a real field emitter, the
emission current density typically becomes more uniform as
the emitter packing density—i.c., the number of electron-
emission clements per unit area—increases and,
correspondingly, as the lateral area occupied by an electron-
emissive element decreases.

In manufacturing high-quality prior art gated electron
emitters, use of technologies such as photolithography typi-
cally places severe restrictions on the minimum lateral size
of electron-emissive features such as an electron-emissive
clement or an opening for an electron-emissive element,
especially 1n a volume production environment. More
specifically, depth of field, sometimes referred to as depth of
focus, 1s commonly employed 1n characterizing radiation-
based patterning techniques such as photolithography.
Briefly stated, the depth of field is the (maximum) distance,
measured along the optic axis, across which an acceptable
pattern can be obtained on a generally flat surface situated,
ogenerally orthognal to the optic axis, at any point along that
distance.

The depth of field in photolithography 1s finite and, 1n
particular, 1s relatively small compared to what would be
desirable for efficient manufacturing of arca electron emut-
ters on a production scale. Consider an electron-emitting
device 1n which the total area of the surface to be photo-
lithographically patterned 1s several square centimeters or
more. The flatness of the surface being patterned, the pres-
ence of features on the surface, and the alignment of the
surface 1n the photolithographic radiation-exposure com-
bined with the small photolithographic depth of field sig-
nificantly limit the minimum lateral size of features photo-
lithographically defined at the surface using a single
radiation exposure.

Finer photolithographic patterns can be obtained by
exposing small parts of the total area to the patterning
radiation in separate expose-and-move steps. However, such
an expose-and-move process 1s time-consuming and there-
fore expensive because it requires re-alignment and re-focus
before each exposure.

As an example, the conical electron-emissive elements 1n
Betsu1 and Fukuta et al appear to have a photolithographi-
cally defined base diameter of 1-3 um. It 1s desirable to
overcome these limitations so as to be able to fabricate
high-quality gated area electron emitters having smaller
lateral electron-emissive features. It 1s also desirable to
increase the emitter packing density so as to attain more
uniform emission current density.

GENERAL DISCLOSURE OF THE INVENTION

The present mvention furnishes a set of processes for
manufacturing gated electron-emitting devices utilizing
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charged-particle tracks to define locations for electron-
emissive features—e.g., an electron-emissive element or an
opening for one or more electron-emissive elements—in the
cgated electron-emitting device. Use of charged-particle
fracks typically enables the lateral areas of the electron-
emissive elements to be made quite small. For example,
cach track-defined electron-emissive element 1n the 1nven-
tion typically occupies a lateral area having a mean diameter
of 0.1-0.2 um and thus occupies considerably less area than
cach electron-emissive element 1n prior art gated electron
emitters such as those of Betsui and Fukuta et al.

One item contributing to the small lateral area occupied
by an electron-emissive element in the mvention is the fact
that a charged-particle track constitutes a damaged zone
whose mean diameter 1s typically on the nanometer scale.
Furthermore, 1n contrast to photolithography where the
depth of field 1s finite and, i1n fact, 1s relatively small, the
depth of field 1s effectively infinite for charged-particle
fracks. As a result, depth of field does not place any
significant practical limitations on the minimum lateral
emitter feature size attainable 1n the imnvention. Creating and
etching the charged-particle tracks 1s no more complex than
utilizing photolithography.

An electron emitter fabricated according to the invention
1s furnished with a gate electrode having gate openings that
provide access to the electron-emissive elements.
Preferably, the gate openings are self-aligned to the electron-
emissive elements or to openings 1 which the electron-
emissive elements are situated. The manufacturing pro-
cesses of the mvention are suitable for commercial volume
production of gated area electron-emitting devices for CRT
applications such as flat-panel displays. In short, the inven-
tion provides a large advance over the prior art.

Specifically, 1n one aspect of the invention, charged
particles are passed through a track layer to provide the track
layer with a multiplicity of charged-particle tracks. The track
layer 1s etched along the charged-particle tracks to create
corresponding open spaces through the track layer. Electron-
emissive elements are then formed at locations respectively
centered on the open spaces.

For example, each electron-emissive element can be
formed 1n a corresponding one of the open spaces through
the track layer. Formation of the electron-emissive elements
thereby broadly entails creating the electron-emissive ele-
ments 1n such a way that they are accessible through the
open spaces. Alternatively, the electron-emissive elements
can be defined 1n an emitter region provided below the track
layer.

A patterned gate layer 1s subsequently created over the
clectron-emissive elements. Gate openings extend through
the gate layer 1n such a way that each gate opening exposes
one or more of the electron-emissive elements. Preferably,
cach gate opening 1s centered on a corresponding one of the
clectron-emissive elements. Various processing techniques
that key on the electron-emissive elements are employed to
create the gate openings 1n this manner.

In another aspect of the invention, apertures are created
through a track layer by forming and etching charged-
particle tracks as described above. At this point, the pro-
cessing sequence diverges from the first-mentioned aspect of
the mvention 1n that gate openings are formed through a gate
layer underlying the track layer after which electron-
emissive elements are created. This 1s opposite to the first
aspect 1n which the electron-emissive elements are formed
before creating gate openings through the gate layer.

For example, the gate openings 1n the second-mentioned
aspect of the mvention can be formed at locations centered

10

15

20

25

30

35

40

45

50

55

60

65

4

on the apertures through the track layer. Material 1s then
deposited through the gate openings in a manner aligned to
the gate openings to at least partially form the electron-
emissive elements.

A further aspect of the mvention likewise begins with
creating apertures through a track layer by forming and
etching charged-particle tracks in the above-described man-
ner. An underlying electrically non-insulating layer, typi-
cally a gate layer, 1s etched through the apertures to form
corresponding further apertures through the non-insulating
layer. As discussed further below “electrically non-
insulating” means electrically conductive or electrically
resistive here.

An underlying electrically msulating layer 1s then etched
through the further apertures, typically gate openings, to
form corresponding dielectric open spaces through the 1nsu-
lating layer down to an underlying lower electrically non-
insulating region. Electron-emissive elements are typically
provided over the lower non-insulating region in such a way
that they are electrically coupled to it.

The small size of the electron-emissive elements 1n an
clectron emitter fabricated according to the present inven-
tion provides a number of advantages. For example, the
operating voltages can be considerably lower than that
achievable with otherwise equivalent electron emitters of the
prior art. Importantly, the emitter packing density can be
considerably higher than in the prior art. This produces a
much more uniform emission current density across the
clectron emitter.

The gate layer 1s typically self-aligned to the electron-
emissive features. The size and spacing of the electron-
emissive features 1s not limited by technologies such as
photolithography. As a result, the components of the electron
emitter can be manufactured at lateral dimensions on the

nanometer scale. The fabrication process of the invention 1s
also simple.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a—1k are cross-sectional front views representing

steps 1n fabricating a gated area field emitter according to the
invention.

FIGS. 2a—-2k are plan views respectively corresponding to
FIGS. 1a—1k. The cross sections of FIGS. 1a-1% are taken

through stepped plane 1—1 1n FIGS. 2a-2%.

FIGS. 3a-3f are cross-sectional front views representing
an alternative set of steps performable on the structure of
FIGS. 1f and 2f 1n fabricating a gated arca field emutter
according to the mvention.

FIGS. 4a—4f are plan views respectively corresponding to
FIGS. 3a-3f. The cross sections of FIGS. 3a—3/ are taken
through stepped plane 3—3 1n FIGS. 4a—4y.

FIGS. 54-5j are cross-sectional front views representing
steps 1n fabricating a gated area field emitter according to the
invention.

FIGS. 6a—6; are plan views respectively corresponding to

FIGS. 5a-5;j. The cross sections of FIGS. 54-5; are taken
through stepped plane 5—35 1n FIGS. 6a—6;.

FIGS. 7a—7¢ are cross-sectional front views representing,
an alternative set of steps performable on the structure of
FIGS. 57 and 67 for manufacturing a gated area ficld ematter
according to the mvention.

FIGS. 8a and 8b are respective expanded cross-sectional

front views of one of the electron-emissive elements 1n
FIGS. 7¢ and 7e.

FIGS. 9a-9/ are cross sectional front views representing,
an alternative set of steps performable on the structure of
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FIGS. 5/ and 6f for manufacturing a gated area field emaitter
according to the invention.

FIGS. 10a-10¢ are cross-sectional front views represent-
ing a further set of steps performable on the structure of
FIGS. 5/ and 6f for manufacturing a gated area field emaitter
according to the invention.

FIGS. 11a—11¢ are plan views respectively corresponding,
to FIGS. 10a—10e¢. The cross sections of FIGS. 10a—10¢ are

taken through plane 10—10 in FIGS. 11a-11e.

FIGS. 12a—-12j are cross-sectional front views represent-
ing steps 1n fabricating a gated field emitter according to the
invention.

FIGS. 13.1 and 13.2 are cross-sectional front and side
views depicting how the 1nitial structure of FIG. 1a or 5a
appears when the lower non-insulating region consists of an
clectrically conductive part and an electrically resistive part.
The cross section of FIG. 13.1 1s taken through plane
13.1—13.1 mn FIG. 13.2. The cross section of FIG. 13.2 1s
taken through plane 13—13 in FIG. 13.1.

FIGS. 14.1-14.4 are cross-sectional front views respec-
tively depicting how the final structures of FIGS. 5j, 7¢, 94,
and 10e appear when they contain the two-part lower
non-insulating region of FIG. 12.

FIGS. 15.1 and 15.2 are expanded cross-sectional front
views of alternative electron-emissive elements employable
in the present field emitters where each electron-emissive
clement consists of an electrically resistive portion and an
overlying electron-emissive portion.

FIGS. 16.1 and 16.2 are expanded cross-sectional front
views of alternative shapes for electron-emissive cones in
the present field emitters.

FIGS. 17.1-17.4 are cross-sectional longitudinal views of

differently shaped electron-emissive filaments usable 1n the
field-emission structures of FIGS. 1%, 3f, and 5;.

FIG. 18 1s a functional diagram for the components of an
clectrochemical deposition system used 1n the invention.

FIGS. 19a-19d are cross-sectional front views represent-
ing another set of steps performable on the structure of
FIGS. 5/ and 6f for manufacturing a gated area field emaitter
according to the invention.

FIGS. 20a—20d are plan views respectively corresponding,
to FIGS. 194—19d. The cross sections of FIGS. 194-19d are
taken through stepped plane 19—19 1n FIGS. 20a-204.

FIGS. 21a-21e¢ are cross-sectional front views represent-

ing yet another set of steps performable on the structure of
FIGS. 5/ and 6/ for manufacturing a gated field emutter
according to the mvention.

FIGS. 22a22c¢ are cross-sectional front views representing,
a set of steps performable on a variation of the structure 1n
FIGS. 5/ and 6f for manufacturing a gated area field emaitter
according to the invention.

FIGS. 23a—23j, are cross-sectional front views represent-
ing steps 1n fabricating a gated area field emitter according
to the mvention.

FIGS. 24a—24d are plan views respectively corresponding
to FIGS. 23b, 23¢, 23/, and 23;. The cross sections of FIGS.
23b, 23c, 23f, and 237 are respectively taken through planes
236—23b, 23c—23c¢, 23{—23f, and 23;—23; in FIGS.
24a-24d.

FIGS. 25a and 25b are cross-sectional side views respec-
fively corresponding to FIGS. 234 and 237 for an embodi-
ment 1n which the emitter lines are conductively doped
regions formed 1n an electrically resistive semiconductor
substrate. The cross sections of FIGS. 23a and 23j are
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respectively taken through planes 23a—23a and 23;—23j 1n
FIGS. 254 and 25b. The cross section of FIG. 254 1s taken

through plane a—a 1n FIG. 23a. The cross section of FIG.

25b 1s taken through stepped plane b—b 1n FIGS. 23; and
244.

FIGS. 26a and 26b are cross-sectional side structural
views respectively corresponding to FIGS. 23a and 23; for
an embodiment 1n which the emitter lines consist of metal or
conductively doped semiconductor material formed on an
clectrically insulating or resistive substrate. The cross sec-
tions of FIGS. 23a and 23; are respectively taken through
planes 23a—23a and 23;—23j in FIGS. 26a and 26b. The
cross section of FIG. 264 1s taken through plane a—a 1n FIG.
23a. The cross section of FIG. 26b 1s taken through stepped
plane b—>b 1 FIGS. 23; and 24d.

Like reference symbols are employed in the drawings and
in the description of the preferred embodiments to represent
the same, or very similar, item or 1tems.

DESCRIPTION OF THE PREFERREI
EMBODIMENTS

The following definitions are used in the description
below. The “mean diameter” for a two-dimensional 1tem of
non-circular shape 1s the diameter of a circle of the same
arca as the non-circular 1tem. The “mean diameter” for a
three-dimensional item of non-spherical shape either 1s the
diameter of a sphere of the same volume as the non-spherical
item or 1s the diameter of a right circular cylinder of the same
volume as the i1tem. The equal-volume cylinder diameter 1s
cgenerally used when the 1tem 1s cylindrical or considerably
clongated.

Herein, the term “electrically insulating” (or “dielectric’™)
cgenerally applies to materials having a resistivity greater
than 10'® ohm-cm. The term “electrically non-insulating”
thus refers to materials having a resistivity below 10'°
ohm-cm. Electrically non-insulating materials are divided
into (a) electrically conductive materials for which the
resistivity is less than 1 ohm-cm and (b) electrically resistive
materials for which the resistivity 1s 1n the range of 1
ohm-cm to 10" ohm-cm. These categories are determined at
an electric field of no more than 1 volt/um.

Examples of electrically conductive materials (or electri-
cal conductors) are metals, metal-semiconductor com-
pounds (such as metal silicides), and metal-semiconductor
eutectics (such as gold-germanium). Electrically conductive
materials also include semiconductors doped (n-type or
p-type) to a moderate or high level. Electrically resistive
materials include intrinsic and lightly doped (n-type or
p-type) semiconductors. Further examples of electrically
resistive materials are cermet (ceramic with embedded metal
particles), other such metal-insulator composites, graphite,
amorphous carbon, and modified (e.g., doped or laser-

modified) diamond.

Referring to the drawings, FIGS. 1la—1k (collectively
“FIG. 1”) and FIGS. 2a—-2k (collectively “FIG. 27) illustrate
a process for manufacturing a gated field-emission cathode
structure using charged-particle tracks according to the
teachings of the mvention. The field-emission structure 1is
typically used to excite phosphors on a face plate in a CRT
of a flat-panel display such as a flat-panel television or a
flat-panel video monitor for a personal computer, a lap-top
computer, or a work station.

The starting point for the fabrication process 1s an elec-
trically insulating substrate 20 typically consisting of
ceramic or glass. Substrate 20 1s typically configured as a
plate having a largely flat upper surface and a largely flat
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lower surface substantially parallel to the upper surface. In
a flat-panel CRT display, substrate 20 constitutes at least part
of the backplate (or baseplate).

Substrate 20 furnishes support for the field-emission
structure. As such, the substrate thickness 1s at least 500 um.
In a 25-cm (diagonal) flat-panel CRT display where internal
supports are placed between the phosphor-coated face plate
and the field emitter, the substrate thickness is typically 1-2
mm. If substrate 20 provides substantially the sole support
for the field emitter, the substrate thickness 1s typically 4—14
mim.

A lower electrically non-insulating region 22 1s formed
along the top of substrate 20 as indicated 1in FIGS. 14 and 2a.

Lower non-insulating region 22 usually consists of an elec-
trical conductor, preferably a metal such as chromium. In
this case, the thickness of region 22 1s 0.05—1.5 um. Other
candidates for region 22 include tantalum, tungsten, nickel,
and molybdenum. Region 22 could also be formed with (a)
conductively doped (i.e., moderately or heavily doped)
semiconductor material such as n-type or p-type silicon, (b)
metal-semiconductor compounds such as metal silicides,
or/and (c¢) metal-semiconductor eutectics such as gold-
germanium.

Lower non-insulating region 22 1s typically a patterned
layer containing a group of parallel lines, of which two such
lines are depicted 1n FIG. 2a. When region 22 1s configured
in this way, the final field-emission structure 1s particularly
suitable for selectively exciting phosphors 1n a flat-panel
display. These lines are typically no more than 300 um wide
for a 25-cm flat-panel display. Nonetheless, region 22 can be
arranged 1n various other patterns, or can even be unpat-
terned.

A largely homogeneous electrically insulating track (or
track-recording) layer 24 1s formed on the top of the struc-
ture. See FIGS. 15 and 2b. Parts of insulating track layer 24
are situated on both substrate 20 and lower non-insulating
region 22. The thickness of layer 24 1s 0.1-2 um. Suitable
dielectric materials for track layer 24 fall into three groups:
(a) organic polymers such as polycarbonate, polystyrene,
and cellulose acetate, (b) inorganic glasses such as
phosphate, silicate, soda-lime, and spin-on glasses, and (c)
crystals such as mica and quartz. Preferably, layer 24 con-
sists of morganic glass having a thickness of 1 um.

Insulating track layer 24 1s subjected to energetic charged
particles that impinge on the top of layer 24 1n a direction
largely perpendicular to the lower surface of substrate 20
and thus in a direction generally perpendicular to the upper
structural surface. The charged particles have sufficient
energy to form straight tracks through layer 24 at random
locations across layer 24. The charged-particle tracks con-
stitute damaged zones created along the paths of the charged
particles. Each track has a heavily damaged core whose
mean diameter 1s 1n the vicinity of 4 nm. As shown in FIGS.
1c and 2c¢, the tracks consist of (a) charged-particle tracks
26, through the portions of layer 24 overlying non-
insulating region 22 and (b) charged-particle 26, through the
portions of layer 24 directly overlying substrate 20.

Charged-particle tracks 26, and 26, (collectively “267)
extend parallel to one another 1n a direction generally
perpendicular to the upper structural surface. Although
charged-particle tracks 26 are randomly distributed across
insulating track layer 24, they have a well-defined average
spacing. The track density is usually in the range of 10°-10°
tracks/cm”. A typical value falls in the narrower range of
10’—10° tracks/cm” which yields an average track spacing of
approximately 1-3 um. For 1llustrative purposes, only a very
small portion of tracks 26 are indicated in FIGS. 1c¢ and 2c.
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The charged particles penetrate into the material below
insulator 24. Such penetration 1s not material here and,
accordingly, 1s not shown 1n the drawings.

In a typical implementation, a charged-particle accelera-
tor which forms a well-collimated beam of 10ns 1s employed
to form tracks 26. The 10n beam 1s scanned uniformly across
insulating track layer 24. The preferred charged-particle
species 1s doubly ionized argon (Ar*™") at an energy of 8
MeV. Alternatively, tracks 26 could be created from a
collimated source of nuclear fission particles produced, for
example, by the radioactive element californium 252.

Insulating track layer 24 is brought into contact with (e.g.,
by immersion) a suitable chemical etchant that attacks the
damaged 1nsulating material along tracks 26 much more
than the undamaged material of layer 24. Pores 28, and 28,
are thereby etched through layer 24 respectively along tracks
26, and 26,. See FIGS. 1d and 2d. For 1llustrative purposes,
the lateral dimensions of pores 28, and 28, (collectively
“28”) compared to the widths of the lines that form con-
ductive layer 20 are greatly exaggerated in the plan-view
drawings. The remainder of layer 24 now constitutes homo-
geneous porous insulating track layer 24A.

Pores 28 are generally circular 1n shape as viewed from
the top 1n the plan view of FIG. 2d. Depending on how the
track etching 1s done, pores 28 can be cylindrical or
(slightly) conical in three dimensions. For purposes of
illustration, pores 28 are represented as cylinders in the
drawings. The pore diameter can vary from 4 nm to 2 um.
Preferably, the pore diameter lies 1n the range of 10-200 nm.
A typical value 1s 100 nm.

The etchant used for creating pores 28 preferably does not
significantly attack substrate 20 or non-insulating region 22.
When components 20, 22, and 24 A respectively consist of
ceramic, chromium, and polycarbonate, the etching i1s done
in 6.25 normal sodium hydroxide at 50° C. The etch time is

less than 10 minutes for the typical 1-um track-layer thick-
ness.

Solid electron-emissive metal filaments 30 are formed 1n
pores 28, which overlie non-insulating region 22, by elec-
trochemically depositing a suitable filament material. See
FIGS. 1e¢ and 2e. The deposition 1s performed 1n an elec-
trochemical cell, described below, 1n which non-insulating
region 22 acts as a deposition cathode. After bringing the
structure 1nto contact with the cell electrolyte and activating
the cell, current flows between cathode 22 and a separate
anode. The filament material uniformly builds up 1n pores
28, starting from non-insulating region 22. The lower ends
of filaments 30 contact region 22.

Substantially none of the filament material accumulates 1n
pores 28, directly above substrate 20 because there 1s no
clectrical contact at the bottoms of pores 28,. In FIG. 2¢, the
dark circles represent filaments 30 1n filled pores 28, while
the light circles represent empty pores 28,. The use of
conductive layer 22 as the cathode during the electrochemi-
cal deposition enables the deposition to be selective.

The electrochemical deposition 1s typically performed for
a time suificient to enable the upper ends of pores 30 to be
nearly coplanar with the top of porous track layer 24 A. This
situation 1s 1llustrated in FIG. le. The deposition can,
however, be performed for a longer time so that filaments 30
bulge slightly out of pores 28, or for a shorter time so that
the upper ends of filaments 30 are significantly below the top

of layer 24A.

The upper ends of filaments 30 are preferably formed with
a noble metal. In a typical implementation, the upper ends of
filaments 30 consist of platinum when non-insulating region
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22 1s chromium. Other candidate noble metals for the upper
filament ends are gold and palladium. The remaining por-
tions of filaments 30 typically consist of the same (noble)
metal as the upper ends but can be formed with another
metal such as nickel, copper, cobalt, molybdenum, or nio-
bium.

Elements 30 are true filaments for which the ratio of
length to maximum diameter 1s at least 2 and normally at
least 3. The length-to-maximum-diameter ratio 1s preferably
5 or more. Filaments 30 are typically cylinders of circular
transverse cross section. Nonetheless, the transverse cross
section can be somewhat non-circular. In any case, the ratio
of maximum diameter to minimum diameter for each fila-
ment 30 1s usually no more than 2.

Filaments 30 are all of substantially the same length. The
filament length 1s 0.1-2 um, typically 1 um. In this regard,
the average track spacing and, consequently, the average
filament spacing are arranged to be somewhat greater than
the filament length.

In order to create a gate electrode for the structure,
electrically conductive caps 32 are electrochemically depos-
ited respectively on filaments 30. See FIGS. 1f and 2f. Caps
32 are generally circular 1n shape as viewed from the top in
FIG. 2f.

Each cap 32 1s centered on the upper end of corresponding
filament 30. Along the upper surface of track layer 24 A, each
cap 32 also reaches a greater diameter than underlying
filament 30. As a result, each cap 32 has a lateral periphery
that encloses the lateral periphery of underlying filament 30
along the top of layer 24A. Typically, the average diameter
of caps 30 along the top of layer 24A 1s at least 1.5 times the
average diameter of filaments 30.

The electrochemical deposition to create caps 32 1s per-
formed 1n an electrochemical cell, again described below, 1n
which filaments 30 (attached to non-insulating region 22) act
as a cathode. After the structure has been brought into
contact with the cell electrolyte and the cell has been
activated, current flows between filaments 30 and a separate
anode. The cap material thereby builds up on filaments 30
until the desired cap diameter 1s reached.

Caps 32 consist of a metal different from the filament
metal along the upper ends of filament 30. In particular, the
cap metal 1s selectively etchable with respect to the directly
underlying filament metal. When filaments 30 consist of
platinum, caps 32 are formed with a metal such as silver

whose half-cell potential 1s less positive than that of plati-
num

Next, part of the thickness of porous track layer 24A 1s
uniformly removed along the top of layer 24 A to produce the
structure shown 1 FIGS. 1g and 2g. Item 24C 1is the
remainder of porous track layer 24A. As 1llustrated 1n FIG.
1g, caps 32 are vertically separated from remaining track

layer 24C.

The track-material removing step 1s performed with an
ctchant that does not significantly attack the filament or cap
metal. Likewise, the etchant does not significantly attack
substrate 20 or non-insulating region 22. The etching 1is
conducted for a time sufficient to remove approximately 0.3
um of the thickness of the track material.

Electrically non-mnsulating gate material 1s now deposited
on top of the structure to a thickness less than the removed
thickness of the porous material. The gate-material thickness
1s typically 0.1 um. The deposition 1s performed 1n a
direction largely perpendicular to the lower surface of sub-
strate 20 and thus 1n a direction generally perpendicular to
the upper structural surface. As indicated in FIGS. 1/ and
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24, a layer 34A of the gate material thereby accumulates on
the portion of track layer 24C not shielded by caps 32. A
layer 34B of the gate material likewise normally accumus-
lates on each cap 32. Importantly, caps 32 prevent substan-
fially any of the gate material from accumulating on the
portions of track layer 24C below caps 32.

The criteria for selecting the gate material normally an
clectrical conductor, depends on the techmique utilized
below for removing caps 32. If the cap removal 1s done
clectrochemically, non-insulating layer 34A which later
becomes the gate electrode can be electrically protected. As
a result, the gate material can generally be any metal that 1s
not highly reactive. Suitable candidates include
molybdenum, copper, and aluminum.

If chemical or plasma etching 1s used for the cap removal,
the gate material consists of a metal different from the cap
metal. In particular, the cap metal must be selectively
ctchable with respect to the gate material. The gate material
could also be conductively doped semiconductor material,
provided that the selective etchability requirement 1s, as
appropriate, met.

An evaporative deposition technique 1s typically used to
form non-insulating layers 34A and 34B. The evaporative
deposition 1s performed at low pressure 1n a suitable vacuum
chamber. Layers 34A and 34B could also be formed by other
direction-controllable physical deposition techniques such
as sputtering.

Caps 32 are removed with an etchant that attacks the cap
metal much more than the gate material or the filament metal
at the upper ends of filaments 30. In so doing, non-1nsulating,
portions 34B are simultaneously removed. When regions 30,
32, and 34A respectively consist of platinum, silver, and
molybdenum, the etching 1s typically performed by an
clectrochemical process 1n which non-insulating layer 34A
1s held at a different potential than caps 32. This 1s achieved
by applying one potential to non-mnsulating layer 34A and
another potential to lower non-insulating region 22.
Alternatively, as mentioned above, caps 32 and overlying
non-insulating portions 34B can be removed with a chemaical
or plasma etchant.

FIGS. 17 and 2i show the resultant structure 1n which the
upper ends of filaments 30 are now exposed. Patterned upper
non-insulating layer 34A now constitutes the gate electrode
for the field-emission structure. Gate electrode 34A has gate
openings 36 respectively centered on filaments 30. Due to
the protection supplied by caps 32 during the gate-material
deposition, each gate opening 36 1s wider than correspond-
ing filament 30. Consequently, gate electrode 34A 1s later-
ally separated from filaments 30.

The cathode/gate structure of FIGS. 1: and 2: can be
utilized directly as a field emitter. Nonetheless, 1t 1s advan-
tageous for filaments 30 to extend out of the track material
and for the upper ends of filaments 30 to be sharpened.

To this end, portions of porous track layer 24C exposed
through openings 36 are removed with an isotropic etchant
to form cavities 38 respectively around filaments 30. Sece
FIGS. 1 and 2;. The 1sotropic etchant used to create cavities
38 does not significantly attack any other portions of the
structure. Filaments 30 now protrude outward beyond the
remainder 24D of porous track 24C. Each cavity 38 is
considerably wider—i.e., has a considerably greater maxi-
mum transverse cross-sectional area—than corresponding
pore 28, .

Cavities 38 typically extend partway down to lower
non-insulating region 22. This situation 1s 1llustrated 1n FIG.
1;. However, cavities 38 can extend all the way down to
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region 22. In either case, by appropriately choosing the
fabrication parameters, track layer 24D 1s sufficient for
supporting gate layer 34A.

An electropolishing and etching operation 1s performed to
tailor and sharpen the upper ends of filaments 30. The 5
clectropolishing, which 1s done first, rounds the upper ends
of filaments 30 and reduces their length somewhat. The etch
sharpens the rounded filament ends.

The electropolishing 1s performed 1n an electrolytic cell in
which filaments 30 constitute the anode. After bringing the
structure of FIGS. 1; and 2; into contact with the cell
electrolyte, a suitable potential is applied between (a) fila-
ments 30 by way of non-insulating region 22 and (b) a
cathode plate, typically gate layer 34A, to cause current to
flow between filaments 30 and the cathode plate. The
clectropolishing 1s typically conducted 1n an operational
regcime where the rate of metal removal increases with
increasing electric field strength. Because the highest elec-
tric field, and thus the greatest material removal rate, for
cach filament 30 occurs at the outer top filament edge, the
upper ends of filaments 30 become rounded.

10

15

20

By arranging the lower surface of substrate 20 to be
approximately parallel to the cathode plate 1n the electrolytic
cell, the upper ends of the longer ones of filaments 30
experience the highest electric fields. More material 1s
thereby removed from the upper ends of the longer ones of
filaments 30 than from the shorter ones during the elec-
tropolishing. Accordingly, the electropolishing also enables
filaments 30 to become more uniform 1n length.

The filament etch 1s also typically done by bringing the
field-emission structure 1nto contact with the electrolyte of
an electrolytic cell in which filaments 30 constitute the
anode to which a driving voltage 1s applied via non-
insulating region 22. The rate of metal removal varies with
clectric field strength and filament morphology 1n such a
way that the rounded upper ends of filaments 30 become
pointed. The etch can also be done according to a chemical
technique. If the etch 1s done by a chemical technique rather
than an electrochemical technique, undesired etching of gate
layer 34A can be avoided by applying an appropriate voltage
to layer 34A and/or making suitable materials selection.
FIGS. 1k and 2% illustrate the final field emitter 1n which

sharpened filaments 30B are the remainders of filaments 30.

An clectropolishing step 1s also typically performed to
round the edges of patterned gate layer 34A overlying
cavities 38. Layer 34A acts as the anode during this step,
while filaments 30B serve as the cathode via non-insulating,
region 22. Patterned gate layer 34B 1n FIGS. 1k and 2k 1s the

edge-rounded remainder of gate layer 34A. 50

FIGS. 3a-3f (collectively “FIG. 3”) and FIGS. 4a—4f
(collectively “FIG. 47), depict an alternative group of steps
for providing the cathode structure of FIGS. 1f and 2f with
a self-aligned gate structure. FIGS. 1f and 2f are repeated
here as FIGS. 3a and 44. In this alternative, the thickness of <5
porous track layer 24A 1s typically 0.5 um.

A blanket layer 40 of electrically non-insulating gate
material 1s deposited on porous track layer 24A and caps 32
along the top of the structure. See FIGS. 3b and 4b. The

thickness of layer 40 1s typically 0.1 um. 60

The gate material usually consists of an electrical
conductor, preferably a metal selectively etchable with
respect to the cap metal. Platinum can be utilized for the gate
metal. As long as the selective etchability requirement is
met, the gate material could consist of other metals or/and 65
conductively doped semiconductor material. Various tech-
niques can be employed for the gate-material deposition
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provided that the thickness of the portion of gate-material
layer 40 above track layer 24 A 1s relatively uniform.

The portions of gate-material layer 40 overlying caps 32
are removed 1n a planarization operation by which the
combination of caps 32 and layer 40 1s provided with a
largely flat upper surface. In so doing, small upper portions
of caps 32 are also removed. FIGS. 3¢ and 4c¢ depict the
resulting structure 1n which items 32A are the remainders of
caps 32. Item 40A 1s the remainder of gate-material layer 40.

The planarization operation 1s performed 1n several steps.
Firstly, a flowable material such as photoresist 1s deposited
on the top of the structure. Secondly, the flowable material
1s flowed so that its upper surface becomes largely planar.
Thirdly, an etchback 1s performed with an etchant that
attacks the flowable material and the gate material at
approximately the same rate. The etchback 1s terminated
when all of the flowable material has been removed.
Because the etchant attacks the gate material at approxi-
mately the same rate as the flowable material, the upward-
protruding portions of gate-material layer 40—i.¢., the por-
tions overlying caps 32—are simultaneously removed.

Caps 32A are removed with an etchant that does not
significantly attack filaments 30 or non-insulating layer 40A.
See FIGS. 3d and 4d. Layer 40A, which now constitutes the
gate electrode for the structure, has gate openings 42 respec-
tively centered on filaments 30. Because each cap 32 was
wider than corresponding filament 30, gate layer 40A 1s
laterally separated from filaments 30.

As with the cathode/gate structure of FIGS. 17 and 2i, the
cathode/gate structure of FIGS. 3d and 4d can be employed
directly as a ficld emitter. However, 1t 1s similarly advanta-
geous to further process the structure of FIGS. 3d and 4d 1n
the same manner as that of FIG. 1 and 2i. Accordingly,
portions of porous track layer 24A exposed through open-
ings 42 are removed with an 1sotropic etchant to form
cavities 44 around filaments 30 as shown 1n FIGS. 3¢ and 4e.
Filaments 30 protrude outward beyond the remainder 24E of
porous track layer 24A. Each cavity 44 1s considerably wider
than corresponding pore 28, .

Cavities 44 typically extend partway down to non-
insulating region 22. FIG. 3¢ illustrates this situation. As in
the fabrication process of FIGS. 1 and 2, cavities 44 can also
extend fully down to region 22.

An electropolishing and etching operation 1s performed to
adjust and sharpen the upper ends of filaments 30. See FIGS.
3f and 4f. Items 30B again are the sharpened remainders of
filaments 30. An additional electropolishing step 1s typically
also done to round the edges of patterned gate layer 40A

overlying cavities 44. Item 40B 1n FIGS. 3/ and 4f 1s the
edge-rounded remainder of gate layer 40A.

FIGS. 5a-5j (collectively “FIG. 57) and FIGS. 6a—6j
(collectively “FIG. 6) illustrate a further process for manu-
facturing a gated field-emission structure using charged-
particle tracks according to the invention. This field emitter
1s structurally similar to both that of FIGS. 1k and 2k and that
of FIGS. 3/ and 4/. Likewise, the field emitter fabricated
according to the process of FIGS. 5 and 6 1s typically used
for exciting phosphors 1n a flat-panel CRT display.

The starting point again 1s insulating substrate 20 over
which non-insulating region 22 1s provided. See FIGS. 5a
and 6a. Substrate 20 and region 22 have the characteristics
orven above. In particular, region 22 typically contains a

oroup of largely parallel lines, two of which are shown 1n
FIG. 6a.

Insulating track layer 24 i1s again formed on top of the
structure. See FIGS. 5b and 6b. Layer 24 likewise has the
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characteristics given above since charged-particle tracks are
later formed through 1it.

At this point, the process of FIGS. 5 and 6 deviates from
the earlier-described fabrication processes of the mnvention.
A blanket electrically non-insulating layer 46, which later
becomes the gate electrode, 1s formed on the top of insu-
lating layer 24 as indicated 1n FIG. 5b. Non-insulating layer
46 1s typically 0.05 um 1n thickness. Layer 46 consists of a
metal such as molybdenum, copper, or aluminum. Layer 46
could also be formed with conductively doped semiconduc-
tor material. The method for creating layer 46 1s not par-
ticularly critical as long as its thickness 1s relatively uniform.
Layer 46 1s typically formed by a physical vapor deposition

technique.

A further electrically insulating track (or track-recording)
layer 48 1s formed on the top of non-insulating layer 46.
Again see FIG. 5b. Insulating track layer 48 1s 1n the range
of 0.2—0.5 um 1n thickness. As with msulating layer 24, layer
48 consists of (a) an organic polymer such as polycarbonate,
polystyrene, or cellulose acetate, (b) an inorganic glass such
as phosphate, silicate, soda-lime, or spin-on glass, or (c) a
crystal such as mica or quartz. Although there are some
implementations 1 which layer 48 consists of the same
insulator as layer 24, layer 48 1s normally formed with an
insulator that 1s selectively etchable with respect to layer 24.

The structure 1s now subjected to energetic charged par-
ticles that impinge on the top of 1nsulating track layer 48 1n
a direction largely perpendicular to the (unshown) flat lower
surface of substrate 20 and thus 1n a direction generally
perpendicular to the upper structural surface. The charged
particles pass through layers 48, 46, and 24 and into the
underlying material to form straight tracks through track
layers 24 and 48 at random locations. FIGS. 5S¢ and 6¢
illustrate the track formation. The charged-particle tracks
again constitute damaged zones along the particle paths.

The charged-particle tracks are indicated by reference
symbols beginning with “50” 1n FIGS. 5S¢ and 6c¢. Each track
is divided into (a) a “50A” segment extending through
insulating layer 24 and (b) a “50B” segment extending
through 1nsulating layer 48 1n a straight line with the 50A
secgment. Although the charged particles pass through non-
insulating layer 46, they do not significantly damage layer
46 and therefore do not create charged-particle tracks
through layer 46. The tracks fall into two categories: (a)
segments S0A; and S50B; (collectively “50,”) extending
respectively through portions of layers 24 and 48 overlying
non-insulating region 22 and (b) segments S0A, and S0B,
(collectively “50,”) extending respectively through portions
of layers 24 and 48 not overlying region 22.

As with charged-particle tracks 26 1n the previous fabri-
cation processes of the invention, charged-particle tracks
50, and 50, (collectively “S50”) extend parallel to one
another 1n a direction generally perpendicular to the upper
structural surface. Tracks 50 have the same characteristics—
¢.g., size and spacing—as tracks 26. Tracks 50 are also
formed 1n the same way as tracks 26. To simplify the

illustration, only a small portion of tracks 50 are indicated in
FIGS. Sc¢ and 6c.

The damaged insulating material along track segments
50B 1n 1insulating track layer 48 1s removed by bringing layer
48 1nto contact with a suitable chemical etchant that attacks
the damaged 50B track material much more than the undam-
aged material of layer 48. As a result, generally circular
pores are etched through layer 48 along segments 50B down
to non-insulating layer 46. The etchant preferably does not
significantly attack any of the other parts of the field-
emission structure.
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The etch 1s continued 1nto the largely undamaged material
of 1nsulating track layer 48 to broaden the pores. Apertures
52, and 52, are thereby respectively created along track
secgments SO0B; and S0B,. See FIGS. 5d and 6d. Apertures
52, and 52, (collectively “527) expose corresponding por-
tions of the upper surface of non-insulating layer 46. The
etch 1s performed in a laterally uniform manner.
Accordingly, each aperture 52 1s centered on the location of
corresponding track segment SOB. The thickness of layer 48
1s also reduced during the etch.

The second part of the insulating-material etch can be
done with the etchant used during the first part or with
another etchant. In either case, components 20, 22, 24, and
46 are not significantly attacked during the second part of the
ctch. Apertures 52 thereby reach an average mean diameter
of 15-300 nm, typically 140 nm, along the bottom of the
reduced-thickness remainder 48A of insulating track layer
48. The aperture diameter 1s substantially the same for all of
apertures 352.

Apertures 52 are generally circular 1n shape as viewed
from the top 1n the plan view of FIG. 6d. Apertures 52 are
also usually somewhat wider at the top than at the bottom as
indicated in FIG. Sd. The reason for slanting apertures 52 in
this way 1s to facilitate subsequent reactive-ion etching of
non-insulating layer 46. The aperture slope 1s obtained by
using ctchant whose selectivity—i.e., ratio of the rate at
which the damaged track material 1s attacked to the rate at
which the undamaged track material 1s attacked—is rela-
tively low—=e.g., 10 or less.

Apertures 52,, which are formed as a by-product of
creating apertures 52,, do not serve any useful purpose 1n the
emitter fabrication process. If desired, the formation of
apertures 52, and the additional (non-useful) features sub-
sequently produced as a result of apertures 52, can be
suppressed. For example, during the etching of track layer
48, a suitable mask can be utilized to cover track segments
S0B..

Using track layer 48A as an etch mask, the portions of
non-insulating layer 46 exposed through apertures 52 are
removed with an anisotropic etchant to create generally
circular openings down to track layer 24. FIGS. 5¢ and 6¢
depict the consequent structure 1n which gate openings 54,
extend through the portions of layer 46 located above
non-mnsulating region 22, while further gate openings 54,
extend through the portions of layer 46 not overlying region
22. The remainder 46A of layer 46 1s the patterned gate
clectrode for the field ematter. The anisotropic etch 1s typi-
cally done according to a reactive-1on-etch technique.

The etchant utilized to create openings 54, and 54,
(collectively “547’) is controlled in such a way as to avoid
significantly attacking other parts of the structure. Due to the
anisotropic nature of the etch, each opening 54 is of largely
the same transverse shape—i.e. generally circular—and of
nearly the same diameter as corresponding aperture 352
(along the bottom of track layer 48a). Each opening 54 is
vertically aligned with corresponding aperture 52. Since
cach aperture 52 1s centered on the location of corresponding
track segment SOB, each opening 54 1s also centered on the
location of corresponding segment S0B.

Track layer 48A 1s usually removed at some point sub-

sequent to the creation of openings 54. As, for example,
indicated 1n FIGS. §f and 6f, layer 48A could be removed
directly after openings 54 are formed.

With portions of the upper surface of insulating track
layer 24 now exposed at track segments SOA, the structure
1s brought 1nto contact with a chemical etchant that attacks
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the damaged material along segments S0A much more than
the undamaged material of layer 24. Pores 28, and 28, are
thereby created through layer 24 respectwely along track
secgments 530A, and 50A, as indicated 1n FIGS. 5S¢ and 6g.
Pores 28, and 28 (agam collectively “287) have the same
physical/spatial characteristics, described above, as pores 28
in the previous manufacturing processes of the invention.
The etch utilized to create pores 28 here 1s typically per-
formed 1n the same manner as described above 1n connection

with the structure of FIGS. 1d and 2d. The remainder of
layer 24 again 1s homogeneous porous mnsulating track layer

24A.

Importantly, each pore 28 1in FIGS. 5¢ and 6¢ 1s consid-
crably narrower than corresponding opening 54. For
example, when the bottom diameter of one of apertures 52
1s 140 nm so that corresponding opening 54 1s 150 nm 1n
diameter, corresponding pore 28 typically has a diameter of
50-100 nm. Each pore 28 1s centered on the location of
corresponding track segment S0A. Because (a) each track
segment SOB was 1n a straight line with corresponding track
segment SOA and (b) each opening 54 is centered on the
location of corresponding track segment 50B, each opening
54 1s centered on corresponding pore 28.

A suitable filament metal 1s now electrochemically depos-
ited to form electron-emissive metal filaments 30 1 pores
28 overlying lower non-insulating region 22 as indicated in
FIGS. 5/ and 64. The deposition 1s performed 1n the manner
prescribed above 1n connection with the structure of FIGS.
le and 2e. Since there 1s no electrical contact at the bottoms
of pores 28, located directly above substrate 20, substan-
fially none of the filament metal accumulates in pores 28.,.
In FIG. 6/, the dark circles indicate pores 28, filled with
filaments 30, while the light circles indicate empty pores
28,. Although there are openings 54 for all of pores 28, the
clectrochemical nature of the process enables the deposition
to be selective.

Filaments 30 again have the characteristics described
above. Since pores 28, are situated at random locations
across porous layer 24, filaments 30 are again located 1n
random places across layer 24. Due to the centering that
results from the track formation and etching, filaments 30
are self-aligned to openings 54, and therefore to gate
clectrode 46A.

The cathode/gate structure of FIGS. 54 and 6/ can be
utilized directly as a field emitter. Nonetheless, 1t 1s again
advantageous for filaments 30 to have sharpened tips that
protrude out of the porous material. Accordingly, the struc-
ture of FIGS. 54 and 6/ 1s further processed in the way
described above for the other gated field emitters of the
invention.

Portions of porous track layer 24A exposed through gate
openings 34, are removed with an 1sotropic etchant to form
cavities 56, around filaments 30 as indicated mm FIGS. 57 and
6i. Because gate layer 46A also has openings 54, portions
of layer 24A exposed through openings 54, are simulta-
neously removed to form cavities 56,. Cavities 56, and 56,
(collectively “56”) can extend partway, or all the way, down
to lower non-mnsulating region 22. FIG. 57 indicates the
former case. In both cases, filaments 30 now protrude
outward beyond the remainder 24F of porous track layer

24A.

The upper ends of filaments 30 are sharpened by per-
forming an electropolishing and etching operation. An elec-
tropolishing step to round the edges of patterned gate layer
46 A overlying cavities 56, completes the basic fabrication
of the field emitter. FIGS. 5/ and 67 show the final structure
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in which 1tems 30B are the sharpened remainders of fila-
ments 30. Item 46B again is the edge-rounded remainder of
cgate layer 46A.

Because electron-emissive elements 30B are formed by a
process that involves electrochemically filling pores 28,
with metal and then (as desired) removing part of the metal
to form sharpened tips, the upper ends of elements 30B are
normally situated below the bottom of patterned gate layer
46A or 46B. In certain applications, 1t 1s desirable for the
clectron-emissive elements 1n a gated field emitter to extend
upward beyond the bottom of the gate electrode and some-
times even beyond the top of the gate electrode. Turning to
FIGS. 7a—7¢ (collectively “FIG. 77), they illustrate a
sequence of steps for converting filaments 30 1n the structure
of FIGS. 51 and 67 mnto pointed electron-emissive filaments
that extend beyond the top of the gate electrode. FIG. S1 1s
repeated here as FIG. 7a.

A thin masking layer 86 of a lift-off material 1s formed on
the partially finished field-emission structure of FIG. 7a in
such a way that the lift-off material fully covers gate layer
46 A but does not cover the tops of filaments 30. See FIG. 7b.
Preferably, none of the lift-off material 1s present 1n the
portions of cavities 56, situated to the sides of filaments 30.
The thickness of layer 86 is typically a fraction of (i.e., less
than) the mean diameter of gate openings 54.

Lift-off layer 86 1s typically created according to a physi-
cal deposition technique, such as evaporation, 1n which
atoms of the lift-off material impinge, and thereby
accumulate, on the top of gate layer 46A 1n a direction that
is at a small angle to the (unshown) lower surface of
substrate 20 and thus at a small angle to the top of gate layer
46A. To achieve a spatially uniform deposition, either the
partially finished field emitter or the source of the lift-off
material 1s rotated at a constant speed about an axis perpen-
dicular to the lower surface of substrate 20. The 1impinge-
ment angle 1s set at a sufficiently small value as to enable
some of the lift-off material to accumulate on the lateral
cdges of gate layer 46A along gate openings 54, but to
substantially inhibit any of the lift-oif material from passing
through openings 54.

Next, blunted metallic tips 88A, are respectively formed
on the upper surfaces of filaments 30 as depicted in FIG. 7c.
Metal tips 88A, are preferably created according to a
physical deposition technique, such as evaporation, 1n which
atoms of the tip metal are directed toward the top of the
field-emission structure 1n a direction largely perpendicular
to the lower surface of substrate 20 and thus 1n a direction
largely perpendicular to the top of gate layer 46A. As a
result, atoms of the tip metal pass through gate openings 54,
to form tips 88A,.

During the tip deposition, annular portions 88B, of the tip
metal respectively accumulate around filaments 30 at the
bottoms of cavities 56,. Atoms of the tip metal also pass
through gate openings 54, (not shown) to form pieces (not
shown) of the tip metal along parts of insulating layer 24F
exposed through cavities 56, (also not shown). These pieces
of the tip metal do not contact lower non-insulating region
22. Accordingly, they do not affect the electrical operation of
the final field emutter.

A layer 88C of the tip metal accumulates on lift-off layer
86 during the tip deposition. As the thickness of layer 88C
increases, layer 88C typically grows slightly 1n the lateral
direction. Although this lateral growth gradually reduces the
size of the openings through which the tip metal can deposit
on filaments 30 and does affect the shape of metal portions
88B,, the deposition of the tip metal 1s terminated before the
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tip-deposition openings through layer 88C become so small
that the tip metal starts to accumulate non-uniformly (e.g., to

start forming conically-ended tips) on the upper surfaces of
filaments 30.

The combination of each filament 30 and overlying tip
88A, forms a composite lengthened electron-emissive fila-

ment. FIG. 8a presents an enlarged view of one of length-
ened filaments 30/88A , at the stage depicted in FIG. 7c. The

presence of metal portion 88B, along the length of filament
30/88A, 1s normally not electrically significant.

A noble metal 1s preferably employed for the tip metal. In
a typical implementation, the tip metal consists of platinum
when components 22, 46A, and 30 are respectively formed
with chromium, molybdenum, and platinum. In this case,
cach filament 30 and overlying tip 88A, consist of the same
metal. Alternatively, the tip metal can be a non-noble metal,
such as molybdenum or niobium, capable of being physi-

cally deposited 1n the way described above. The amount of
tip metal deposited depends on the desired length (or height)
of the ﬁna clectron-emissive elements.

Lift-off layer 86 1s now removed by subjecting the struc-
ture to a chemical etchant that attacks the lift-off material but
does not significantly attack any other materials 1n the
structure. During the removal of layer 86, layer 88C 1s lifted
off to produce the structure shown i FIG. 7d.

An electropolishing and etching operation 1s performed 1n
the manner described above to tailor and sharpen the upper
ends of filaments 30/88A . As in the fabrication process of
FIGS. 1 and 2, the electropolishing step enables filaments
30/88A, to become more uniform 1n length. During the
filament etch, the upper ends of filaments 30/88A, are
sharpened. FIG. 7¢ 1llustrates the exemplary case 1n which
substantially all the tailoring and sharpening i1s done on
upper ends 88A, which thereby become pointed tips 88D, .
Each cavity 56, in combination with underlying pore 28A,
now forms a dielectric open space for corresponding fila-

ment 30/88D . FIG. 8b presents an enlarged view of typical
filament 30/88D, at the stage shown 1n FIG. 7e.

A further electropolishing step 1s normally also performed
in the manner described above to round the edges of gate
layer 46 A overlying cavities 56,. Patterned gate electrode

46B 1n FIG. 7¢ 1s the rounded-edge remainder of gate layer
46A.

The mean diameter of the base of each metal tip 88D, in
FIG. 7¢ 1s the same as the mean diameter of underlying
filament 30. Alternatively, filamentary electron-emissive
clements with conical tips can be created in which the mean
diameter at the base of each tip i1s considerably greater than
the mean diameter of the underlying filament. FIGS. 9a—94
(collectively “FIG. 97) illustrate a sequence of fabrication
steps by which the process of FIGS. 5 and 6 1s modified
starting at the stage shown 1n FIGS. 5f and 6/ to create a
cgated field emitter having conically pointed filamentary
clectron-emissive clements whose tips are respectively

wider at their bases than the underlying filamentary seg-
ments. FIG. 5f 1s repeated here as FIG. 9a.

Portions of insulating track layer 24 exposed through gate
openings 54, are removed with an 1sotropic chemical
ctchant to form cavities 94, that extend partway, but not all
the way, through layer 24 as shown 1 FIG. 9b. Portions of
layer 24 exposed through gate openings 54, (not shown) are
simultaneously removed to form cavities 94, (likewise not
shown) that extend partway through layer 24. Each of
cavities 94, and 94, (collectively “947) extends slightly
under gate layer 46A.

The etchant preferably attacks the damaged material
along track segments 50A at approximately the same rate as
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the undamaged insulating material of track layer 24.
Consequently, the portion of each track segment 50A, of
which only segments 50A, are shown 1n FIG. 9b, at the
bottom of corresponding cavity 94 1s not significantly

attacked during the etch. The remainder of insulating track
layer 24 1s 1ndicated as i1tem 24G in FIG. 9b.

The structure 1s now brought into contact with a chemical
ctchant that attacks the damaged 50A track material much
more than the undamaged material of insulating track layer
24G. Pores 96, are thereby created through layer 24G along
the remaining portions of track segments SOA, at the bottom
of cavities 94, as shown in FIG. 9c. Pores 96, (not shown)
arc simultaneously etched through layer 24G along the
remaining (unshown) portions of track segments S0A, at the
bottom of cavities 94, (also not shown). Item 24H in FIG.

9c¢ 1s the remainder of insulating track layer 24G.

The etch utilized to form pores 96, and 96, (collectively
“96”) 1s performed uniformly in largely the same manner as
that employed to create pores 28. Each pore 96 is thereby
centered on the location of corresponding track segment
S0A. Pores 96 typically have the same physical/spatial
characteristics as given above for pores 28. In addition to
being narrower than overlying cavity 94, each pore 96 1s
considerably narrower than corresponding gate opening 54.
Because (a) each track segment S0B was in a straight line
with corresponding track segment SOA and (b) each gate
opening 354 1s centered on the location of corresponding
track segment 50B, cach opening 54 i1s centered on corre-
sponding pore 96.

An appropriate filament metal 1s electrochemically depos-
ited to create metal filaments 98 that substantially fill pores
96, over non-msulating region 22 as shown 1n FIG. 94. The
filament deposition 1s performed in the manner used to
create fillaments 30 1n the process of FIGS. 5 and 6. Since
there 1s no electrical contact at the bottoms of pores 96,
located directly above substrate 20, substantially none of the
filament material accumulates 1n pores 96,. Consequently,
the electrochemical nature of the process enables the depo-
sition to be selective even through there 1s a gate opening for
cach pore 96.

Filaments 98 can be formed with a noble metal such as
platinum, gold, or palladium. The filament metal can also be
a non-noble metal such as nickel, copper, cobalt,
molybdenum, or niobium.

Metal filaments 98 have the same basic length, diameter,
length-to-diameter, and cross-sectional characteristics as
filaments 30. In particular, the length-to-maximum-diameter
ratio for filaments 98 1s preferably 5 or more. Although a
comparison of FIG. 94 to FIG. 5 might seem to indicate that
filaments 98 are shorter than filaments 30, filaments 98 can
be made longer than filaments 30 by increasing the thickness
of track layer 24 and appropriately controlling the depth of
the cavity etch. As with filaments 30, the centering that
results from the track formation and etching enables fila-
ments 98 to be self-aligned to gate openings 54, and thus to
cgate layer 46A.

A thin masking layer 100 of a lift-off material 1s formed
on the field-emission structure 1n such a manner that the
lift-off material fully covers gate layer 46A but does not
cover the tops of filaments 98. See FIG. 9¢e. Lift-off layer 100
1s preferably created according to the technique used to
create lift-off layer 86 1n the fabrication process of FIG. 7.

A tip metal 1s 1ntroduced through gate openings 54, mto
cavities 94, to form pointed, generally conical metallic tips
102, that respectively contact filaments 98 as indicated 1n
FIG. 9f. The tip metal 1s normally the same as in the process

of FIG. 7.
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The mean base diameter of each metallic tip 102, 1s
normally greater than the diameter of underlying filament
98. Consequently, tips 102, extend laterally over adjoining
portions of track layer 24H. The mean base diameter of each
tip 102,, can be as large as, or slightly larger than, the mean
diameter of corresponding gate opening 54,. Each filament
98 and overlying tip 102, form a composite electron-
emissive element whose maximum diameter occurs at a
point between—i.c., spaced apart from—the ends of that
clement.

Metal tips 102, are typically created according to a
double-source physical deposition technique in which (a)
atoms of a tip metal deposit on top of the structure 1n a
direction largely perpendicular to the (unshown) lower sur-
face of substrate 20 and thus in a direction largely perpen-
dicular to the upper surface of gate layer 46 A and (b) atoms
of a closure material sitmultaneously 1mpinge, and thereby
accumulate, on the upper surface of layer 46 A 1n a direction
that 1s at a small angle to the lower surface of the substrate
20 while either the partially finished field emitter or the
sources of the tip and closure materials are rotated at
constant speed about an axis perpendicular to the lower
surface of substrate 20 1n order to obtain a spatially uniform
deposition. Both parts of the deposition are usually done by
evaporation.

The impingement angle for the closure material, which
helps close the openings through which the tip metal enters
cavities 94, 1s sufliciently small that substantially none of
the closure material passes through gate openings 54, to
accumulate on filaments 98 or on portions of track layer 24H
exposed through cavities 94,. Only the tip metal passes
through openings 54,. The tip metal also passes through gate
openings 54, (not shown) to form pieces (not shown) of the
tip metal along parts of layer 24H exposed through cavities
94, (also not shown). These pieces of the tip metal are
clectrically inconsequential since they do not contact lower
non-insulating region 22.

A composite layer 104 of the tip and closure materials
accumulates on lift-off layer 100 during the tip deposition.
Because the impingement angle for the closure material 1s
less than 90°, composite layer 104 expands laterally as its
thickness 1ncreases so as to progressively close the openings
through which the tip metal can accumulate to form tips
102,. The deposition 1s conducted for a time sufficiently
long that the tip-deposition openings through layer 104 close
fully, and layer 104 becomes a continuous film. Tips 102,
are thus formed 1n the shape of cones respectively centered
on filaments 98. Accordingly, tips 102, are self-aligned to
gate openings 54,. Each filament 98 and overlying metal
cone 102, form a composite electron-emissive element.

Lift-off layer 100 and composite layer 104 are removed in
a conventional manner. FIG. 9g 1illustrates the resulting
structure.

The final step 1n the fabrication process 1s to round the
edges of gate layer 46 A overlying cavities 94, as shown 1n
FIG. 94. The edge rounding 1s preferably done by an
clectropolishing step 1in the way described above. Again,
item 46B 1n FIG. 9/ 1s the rounded-edge remainder of gate
layer 46A. Each cavity 94, and underlying pore 96, form a
dielectric open space for corresponding electron-emissive
clement 98/102,. Since pores 96, are distributed randomly
across track layer 24H, electron-emissive elements 98/102,
are situated at random locations above non-1nsulating region

22.

The metal portions that connect lower non-insulating,
region 22 to conical tips 88D, and 102, in the structures
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produced according to the fabrication processes of FIGS. 7
and 9 have been described as filaments. However, these
metal portions could simply be metallic pedestals that do not
necessarily have the elongated characteristics of filaments,
such as the filamentary characteristics described above for
filaments 30 1n the process of FIGS. 5 and 6. For example,
the length (or height) of a pedestal could be less than its
diameter. In manufacturing a gated field emitter according to
the process of FIGS. § and 6 as modified 1n accordance with
the steps of FIG. 7 or 9, each reference to a filament can be
broadened to a pedestal.

The process of FIGS. § and 6 can be modified to create a
cated field-emission structure 1n which the electron-
emissive clements consist solely of cones. That 1s, no
filaments or pedestals lie between lower non-insulating
region 22 and the cones. FIGS. 10a—10¢ (collectively “FIG.
10”) and FIGS. 11a—11e (collectively “FIG. 117) illustrate a
sequence of steps for creating such a cone-based gated field
emitter from the structure depicted i FIGS. §f and 6/. These

two figures are respectively repeated here as FIGS. 10a and
11a.

Using gate layer 46A as an etch mask, dielectric open
spaces 114, are etched through insulating track layer 24
down to lower non-insulating region 22 at the locations of
gate openings 54,. See FIGS. 105 and 11b. Dielectric open
spaces 114, are similarly formed through layer 24 at the
locations of gate openings 54,. Each of dielectric open
spaces 114, and 114, (collectively “1147) extends slightly
under gate layer 46 A. Item 24M 1n FIG. 105 15 the remainder
of track layer 24.

A thin masking layer 116 of a lift-off material 1s created
on the structure so as to fully cover gate layer 46A as shown
in FIGS. 10c and 11c. Lift-off layer 116 extends slightly over
the edges of gate layer 46A along openings 54. Layer 116 1s
preferably created according to the technique employed to
form lift-off layer 86 in the fabrication process of FIG. 7.

A cone metal 1s introduced through gate openings 54, mnto
cavities 114, to form generally conical electron-emissive
clements 118, on non-insulating region 22. See FIGS. 10d
and 11d. Electron-emissive cones 118, are preferably
formed according to the double-source physical deposition
technique used to create filament tips 102, 1n the process of
FIG. 7. The tip metal 1n the process of FIG. 7 1s now the cone
metal. Some of the cone metal also passes through gate
openings 34, to form metal portions 118, 1n cavities 114..
Metal portions 118, do not contact lower non-insulating
region 22 and therefore do not affect the electrical operation
of the final field emitter.

During the cone deposition, a composite layer 120 of the
cone and closure materials accumulates on lift-off layer 116
in the same manner that composite layer 104 1s formed in the
fabrication process of FIG. 9. The cone-deposition openings
through which the cone metal enters cavities 114 close 1n a
substantially uniform manner. As a result, tips 118, are
formed 1n the shape of electron-emissive cones self-aligned
to gate openings 54,. The mean base diameter of each cone
118, 1s the same as, or shightly larger than, the mean
diameter of corresponding gate opening 54,.

Layers 116 and 120 are removed i1n a conventional
manner. FIGS. 10¢ and 1le depict the resulting structure.
Because openings 54, are situated at random locations
across gate layer 46A, electron-emissive cones 118, are
located 1n random places above non-insulating region 22. An
clectropolishing step may be performed in the manner
described above to round the edges of the remainder 46A of
cgate layer 46.
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Various modifications involving the lift-off layers can be
made to the processes of FIGS. 7—11. Instead of creating a
lift-off layer by an angled deposition on top of gate layer
46A after cavities 56, 94, or 114 have been formed 1n
insulating track layer 24 the lift-off layer can be provided at
an carlier stage 1n the process. For example, the lift-off layer
can be deposited on gate layer 46 at the beginning of the
process before the deposition of further layer 48 1in FIG. 3b.
With the lift-off layer now situated between layers 46 and
48, the lift-off layer undergoes the same operations that track
layer 48 undergoes except that the lift-off layer 1s not
removed when the etched remainder 48A of layer 48 1is

removed. In fact, the lift-off layer could even consist of layer
48A.

FIGS. 12a—l2j (collectively “FIG. 12”) depict the exem-
plary case 1in which the process of FIG. 10 (and FIG. 11) 1s
modified to include a lift-off layer 121 deposited on gate
layer 46 before the deposition of track layer 48. Subject to
the 1nclusion lift-off layer 121, FIGS. 12a4—12; repeat FIGS.
Sa—5e which portray the steps leading up to the structure of

FIG. 10a. FIG. 124 1dentically repeats the starting structure
of FIG. 5a.

As indicated 1in FIG. 125, lift-off layer 121 1s deposited on
cate layer 46 after which further layer 48 1s deposited on
lift-off layer 121. The exposure of the structure to charged
particles to form charged-particle tracks 50A and 50B
respectively through insulating layer 24 and track layer 48 1s
shown 1n FIG. 12¢. With lift-off layer 121 1n place, FIG. 12d
depicts how an etch 1s performed along tracks 50B to form
apertures 52, through track layer 48. The remainder 48A of
frack layer 48 1s then utilized as an etch mask to create
corresponding openings through lift-off layer 121. See FIG.
12¢. With the remainder 121 A of lift-off layer 121 serving as
an etch mask, FIG. 12f 1llustrates the etch of gate layer 46
to form gate openings 54,.

Remaining track layer 46A 1s then removed as indicated
in FIG. 12g. However, lift-off layer 121 A remains 1n place.
Dielectric open spaces 114, are then formed 1n insulating
layer 24 as shown 1n FIG. 12/4. Electron-emissive cones 118,
are subsequently formed according to the above-described
double-source physical deposition technique, with the result
that composite layer 120 accumulates on lift-off layer 121A.
Finally, lift-off layer 121A and overlying layer 120 are
removed 1n a conventional manner to produce the final
structure of FIG. 12j. This structure 1s substantially 1identical

to the final structure of FIG. 10e.

FIGS. 13.1 and 13.2 illustrate the starting point for
manufacturing implementations of the present field emaitter
in which lower non-insulating region 22 consists of an
clectrically conductive layer 22A situated under an electri-
cally resistive layer 22B. As shown 1 FIG. 13.2, each of the
lines that form region 22 consists of segments of both of
layers 22A and 22B. Conductive layer 22A consists of one
or more of the electrically conductive materials described
above for layer 22. Resistive layer 22B 1s typically formed
with cermet or lightly doped polycrystalline silicon.

FIGS. 14.1-14 4 respectively depict how the final struc-
tures of FIGS. 5;, 7e, 94, and 10e¢ appear when lower
non-insulating region 22 consists of conductive layer 22A
and resistive layer 22B. The lower ends of electron-emissive
clements 30B, 30/88D,, 98/102,, or 118, contact resistive
layer 22B. The resistance between each electron-emissive
element and layer 22A is at least 10° ohms, typically 10°
ohms or more.

In certain applications, it 1s desirable that each electron-
emissive element contain an electrically resistive portion for
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improving emission uniformity and limiting emitter currents
to prevent short-circuit and arcing failures. The resistive
portion, preferably contacts lower non-mnsulating region 22.
The resistance for the resistive portion 1s normally at least
10° ohms, preferably 10° ohms or more. More specifically,
the resistance for the resistive portion is at least 10'° ohms.
The resistive portions typically consist of cermet or lightly
doped polycrystalline silicon.

FIG. 15.1 illustrates an example 1n which each electron-
emissive filament 30B in FIG. 1k, 3/, or 5; consists of a
lower electrically resistive portion 30C and an upper elec-
trically conductive electron-emissive pointed tip 30D. FIG.
15.2 illustrates an example 1n which each electron-emissive
cone 118, mm FIG. 10e consists of a lower electrically
resistive portion 118A, and an upper electrically conductive
clectron-emissive portion 118B,. To provide the electron-
emissive elements with resistive portions 30C or 118A,, an
initial part of the emitter deposition 1s performed with an
electrically resistive material rather than the material(s)
specified above. For filaments 30 m FIGS. 1, 3, or 5, either
all or a lower part of each filament 30 1s formed with
clectrically resistive material. The same applies to filaments

98 in FIG. 9.

The electron-emissive cones 1n the field emitters of the
invention have, for simplicity, been illustrated i the draw-
ings as being of right circular shape (i.e., a right triangle
rotated about one of its legs). However, the cones invariably
have surfaces that differ somewhat from a right circular

shape. For example, the surfaces of the cones typically bend
inward slightly as shown 1n FIG. 16.1 for cones 102, of FIG.

9h and as depicted 1n FIG. 16.2 for cones 118, of FIG. 10e.

FIGS. 17.1-17 4 1llustrate several longitudinal shapes that
filaments 30B can have 1n the final field emaitters of FIG. 14,
3, and 5;. As indicated 1in FIGS. 17.1 and 17.2, filaments
30B can be solid cylinders except at their upper ends. If
tracks 50 are etched in such a manner as to create pores 28
as 1nverted cones, filaments 30B can be 1nverted solid cones
which taper down in transverse cross section from just
below their upper ends to their lower ends 1 the manner
shown 1 FIGS. 17.3 and 17.4. Depending on how the
clectropolishing and etching operation i1s done, the electron-
emissive tips at the upper ends of filaments 30B can be

generally rounded as indicated in FIGS. 17.1 and 17.3 or
sharply pointed as indicated 1in FIGS. 17.2 and 17 4.

FIG. 18 depicts the electrochemical deposition system
employed during the electrochemical filament deposition
operations described above. The electrochemical system
consists of an electrochemical cell 72 and a power supply
and control system 74. In turn, electrochemical cell 72
consists of cell electrolyte 76, a surrounding sidewall 78, an
O-ring 80, an anode 82, and a cathode 84 formed by part of
the structure on which metal 1s bemng deposited. Cathode 84
includes lower non-insulating region 22 to which power
supply and control system 74 1s connected. FIG. 18 specifi-

cally illustrates the filament deposition 1n the process of
FIGS. 1, 3, and 5.

The electrochemical system shown 1 FIG. 18 operates
according to a constant-current technique. Alternatively, a
constant-voltage electrochemical deposition system could
be used.

In the field emitters described above, each gate opening
exposes only one electron-emissive element. Alternatively,
charged-particle tracks can be utilized 1n accordance with
the invention to fabricate gated area lield emaitters 1n which
the gate electrode has gate openings respectively centered on
the charged-particle tracks and in which each gate opening
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exposes multiple electron-emissive elements generally cen-
tered as a group on the gate opening.

FIGS. 19a-19d (collectively “FIG. 197) and FIGS.
20a-20d (collectively “FIG. 207) illustrate a sequence of
additional processing steps that can be applied to the inter-
mediate structure of FIGS. 5f and 6f to produce such a gated
area field emitter in which each gate opening 54, accom-
modates a group of electron-emissive elements. FIGS. 5/
and 6/ are respectively repeated here as FIGS. 194 and 20a.

Inasmuch as each gate opening 54, exposes multiple
clectron-emissive elements 1n the process of FIGS. 19 and
20, gate openings 54, are usually wider here than in the
carlier fabrication processes described above. In particular,
the average mean diameter of openings 54, in FIGS. 194 and
20a 1s 0.5-5 um, typically 1 um. In comparison to using a
photolithographic etching technique to form openings 54,
the use of the present charged-particle track technique is
particularly advantageous when the mean opening diameter
1s 1 um or less. The average density of openings 54, is
10°-10% openings/cm?, typically 10" openings/cm®.

Using non-insulating layer 46A as a mask, insulating
track layer 24 1s etched through gate openings 54, to create
corresponding dielectric open spaces 128, down to lower
non-insulating region 22 as shown in FIGS. 1956 and 20b. It
gate openings 54, are present in layer 46 A, the etchant also
attacks portions of layer 24 exposed through openings 54, to
create corresponding dielectric open spaces 128,, indicated
only in FIG. 2056, down to, and possibly partly into, 1nsu-
lating substrate 20. The etch 1s normally performed 1n such
a way that dielectric open spaces 128, and 128, (collectively
“128) extend laterally under layer 46A in a generally uni-
form manner as indicated in FIG. 19b. However, the etch
could be performed so that the sidewalls of open spaces 128
respectively line up with the edges of gate openings 54. In
cither case, each dielectric open space 128 1s centered on
overlying gate opening 54. Item 24P in FIGS. 195 and 205
1s the remainder of track layer 24.

A group of preformed particles 130 are introduced into
cach dielectric open space 128, and then distributed in a
relatively uniform manner across the portion of the upper
surface of lower non-insulating region 22 at the bottom of
open space 128.. See FIGS. 19¢ and 20c¢. The distributing
step 1s performed 1n such a way that particles 130 are
laterally separated from one another and are securely fixed
to, and electrically coupled to, non-insulating region 22.

The distributing step typically involves dispersing par-
ticles 130 across the bottom of open spaces 128, 1n a random
manner and then performing an operation to bond particles
130 to non-msulating region 22. Electrically non-insulating
particle bonding material (not shown) holds particles 130 in
place. To the extent that particles 130 do not actually touch
region 22, the bonding material electrically connects par-
ficles 130 to region 22. The average mean diameter of
particles 130 1s 5 nm—1 um, typically 100 nm.

Particles 130 preferably are electron emissive prior to
being introduced 1nto dielectric open spaces 128 ,. However,
particles 130 could be introduced into open spaces 128, 1n
a non-emissive state and then be made electron emissive
during or after the bonding operation. In either case, par-
ticles 130 serve as electron-emissive elements.

In one embodiment, the dispersion of particles 130 across
the exposed upper surface portions of non-insulating region
22 and the subsequent bonding of particles 130 to region 22
1s performed 1n the manner described in Twichell et al,
co-filed U.S. patent application Ser. No. 08/267,283, “Struc-
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Electron-emissive Particles which Typically Contain
Carbon,” filed 29 Jun. 1984. Particles 130 then typically

consist of at least 50 atomic percent carbon 1n the form of
clectrically non-insulating diamond, graphite, amorphous
carbon, or/and electrically non-insulating silicon carbide.

During the introduction of particles 130 into open spaces
128, some preformed particles (not shown) may be intro-
duced 1nto dielectric open spaces 128,. Should this happen,
there will be no significant deleterious effect on device
operation because any electron-emissive particles at the

bottoms of openings 128, contact insulating material of
substrate 20).

An electropolishing step can be performed to round the
cdges of patterned gate layer 46A. The final gated field-
emitting device 1s shown 1 FIGS. 194 and 20d. Item 46B

again indicates the edge-rounded remainder of gate layer
46A. Since dielectric open spaces 128, are respectively
centered on gate openings 54, clectron-emissive particles
130 1 each open space 128, are, as a group, centered on
overlying gate opening 54, .

Particles 130 could be formed with materials other than
carbon. For example, molybdenum or/and doped silicon
carbide could be used. Instead of being dispersed across
non-insulating region 22 1n a preformed state, particles 130
could be grown over region 22.

FIGS. 21a-21e (collectively “FIG. 217) illustrate another
processing sequence that can be applied to the intermediate
structure of FIGS. §f and 6/ to produce a gated field emitter
in which each gate opening 54, accommodates multiple
clectron-emissive elements. FIG. 5f 1s repeated here as FIG.
21a except that non-insulating region 22 1s thicker. In
particular, the thickness of region 22 1n the structure of FIG.
21a 1s 0.1-2 um, typically 0.5 um, greater than in the
structure of FIG. 5/. The average mean diameter of gate
openings 34, here 1s 0.5-5 um, typically 1 um. The average
density of openings 54, again is 10°-10® openings/cm?,
typically 10’ openings/cm”.

Insulating track layer 24 is etched through gate openings
54, to create dielectric open spaces 128, down to lower
non-insulating region 22 as depicted in FIG. 21b. A group of
preformed particles 130 are mtroduced into each dielectric
open space 128, and then distributed uniformly across
region 22 at the bottoms of open spaces 128, so that particles
130 again are laterally separated from one another and are
securely fixed, and electrically coupled to, region 22. See
FIG. 21c. The distributing step 1s performed in the manner
described above. If particles 130 are not electron emissive
prior to being introduced into open spaces 128, particles
130 can be made electron-emissive during or after bonding,
to region 22.

Material of non-insulating region 22 not covered (or not
shadowed) by particles 130 is removed to a depth less than
the thickness of region 22 to create electrically non-
insulating pedestals 132 respectively below particles 130 as
shown 1 FIG. 21d. The removal operation 1s preferably
done 1n the manner described in Twichell et al, cited above.
In particular, the removal operation typically entails milling
or anisotropically etching region 22 using particles 130 as
masks. The side surface of each pedestal 132 extends
vertically or, in going from top to bottom (i.e., downward),
slopes mward to a point at or just above the bottom of

pedestal 132.

The mean height of pedestal 132 1s 0.1-2 um, typically
0.5 um. The combination of each pedestal 132 and overlying
clectron-emissive particle 130 constitutes an electron-
emissive pillar. Item 22C in FIG. 214 1s the remainder of
lower non-insulating region 22.
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An electropolishing step can again be performed to round
the edges of gate layer 46 A. FIG. 21e shows the final gated
field emitter. Because dielectric open spaces 128, are cen-
tered on gate openings 54,, clectron-emissive pillars 130/
132 in each open space 128, are, as a group, centered on
overlying gate opening 54,.

FIGS. 22a-22c (collectively “FIG. 22”) illustrate part of
a procedure for manufacturing a gated field emitter having
a structure very similar to that of FIGS. 19d and 204d. FIG.
22a depicts a fabrication stage analogous to the stage shown
in FIG. 194, and thus the stage shown 1n FIG. 5f, except that
a layer of laterally separated particles 134 1s situated along
the 1nterface between lower non-insulating region 22 and
insulating track layer 24. The structure of FIG. 224 1s created
according to the fabrication process of FIGS. § and 6 except
that preformed particles 134 are distributed across the upper
surface of region 22 prior to the deposition of insulating

track layer 24—1.¢., between the stages shown 1n FIGS. Sa
and 5b.

Particles 134 are distributed across non-insulating region
22 1n such a way that they are securely fixed to, and
clectrically coupled to, region 22. The distribution step
typically entails dispersing particles 134 across region 22 1n
a random manner and then bonding particles 134 to region
22 using electrically non-insulating particle bonding mate-
rial (not shown). Particle 134 preferably have the charac-
teristics described above for particles 130. In one
embodiment, the distribution of particles 134 across region
22 1s performed as disclosed 1 Twichell et al, cited above.

Using non-insulating layer 46A as a mask, insulating
track layer 24 1s etched through gate openings 54, substan-
fially down to lower non-insulating region 22 to form
corresponding dielectric open spaces 136, as shown 1n FIG.
22b. A group 134A of particles 134 1s thereby exposed at the
bottom of each open space 136,. It gate openings 54, are
present in non-insulating layer 46 A, track layer 24 1s simul-
taneously etched through gate openings 54, to create elec-
trically inconsequential dielectric open spaces 136, (not
shown) down to, and possibly partially into, insulating
substrate 20. Dielectric open spaces 136, and 136,
(collectively 136) normally extend laterally under gate layer
46 A generally 1n the 1llustrated manner but could have their
sidewalls vertically aligned with the edges of layer 46A.

Particles 134 preferably are electron emissive before
being dispersed across lower non-insulating region 22.
Alternatively, at least particles 134A can be made electron
emissive at some later point, mncluding subsequent to the
formation of dielectric open spaces 136. In either case,
particles 134A serve as clectron-emissive elements. The
edges of patterned gate layer 46A can be rounded by an
clectropolishing operation. The final gated field emutter
shown 1n FIG. 22c¢ 1s quite similar to that of FIG. 19a.

The variations described above with respect to particles
130 can generally be applied to particles 134. Also, subject
to 1ncreasing the thickness of lower non-insulating region
22, the structure of FIG. 22¢ can be further processed
according to the steps described for FIGS. 21d and 21e to
produce a gated field emitter having pillared electron-
emissive elements consisting of particles 134 on underlying
pedestals.

FIGS. 23a-23/ (collectively “FIG. 237) and FIGS.
24a-24d (collectively “FIG. 24”) illustrate a process for
manufacturing a gated area field-emission cathode structure
using charged-particle tracks and emitter etching according,
to the teachings of the invention. The field-emission struc-
ture of FIGS. 23 and 24 1s typically utilized to excite
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phosphors on a faceplate 1n a CRT of a flat-panel display
such as a flat-panel television screen or video monitor.

The starting point for the fabrication process 1s a substrate
140 typically created from a plate having a largely flat upper
surface and a largely flat lower surface (not shown) extend-
ing substantially parallel to the upper surface. See FIG. 23a.
Substrate 140 normally consists, at least along its upper
surface, of electrically resistive (intrinsic or lightly doped)
semiconductor material or/and electrically insulating mate-
rial. The resistive semiconductor material preferably 1s sili-
con but can be germanium or gallium arsenide. The 1nsu-
lating material 1s ceramic or/and glass.

An eclectrically non-mnsulating emitter layer 142 1s pro-
vided along the top of substrate 140 as indicated 1n FIG. 23a.
Emitter layer 142 preferably consists of an electrical

conductor, specifically conductively doped semiconductor
material or/and metal. The conductively doped semiconduc-
tor material typically is silicon of n-type or p-type conduc-
fivity but can be germanium or gallium arsenide. When
substantially all of layer 142 1s conductively doped silicon,
the emitter thickness 1s 0.1-1 um, typically 0.2 um. For the
case 1n which metal 1s used to form layer 142, the metal 1s
typically titanium.

Emitter layer 142 1s configured and used in largely the
same way as lower non-insulating region 22 above. In
particular, layer 132 1s typically a patterned layer containing
a group of parallel emitter lines.

If substrate 140 consists of electrically resistive semicon-
ductor material at least along the upper substrate surface, the
emitter lines typically consist of conductively doped semi-
conductor material created by selectively introducing suit-
able dopant into the resistive semiconductor material. FIG.
25a depicts a vertical cross section through the structure of
FIG. 23a for such an embodiment. FIG. 26a depicts a
vertical cross section through the structure of FIG. 23a for
an embodiment 1n which the emitter lines consist of metal or
conductively doped semiconductor material formed on top
of substrate 140.

An electrically msulating track (or track-recording) layer
144 1s formed on top of the structure. Parts of track layer 144
are situated on both substrate 140 and ematter layer 142. The
thickness of layer 144 1s 0.1-2 um, typically 0.5 um,
depending on the desired diameter of apertures later formed
through layer 144. Suitable materials for layer 134 arc the
same as those listed above for insulating track layer 24.

The structure 1s subjected to energetic charged particles
that impinge on top of track layer 144 1n a direction largely
perpendicular to the (unshown) flat lower surface of sub-
strate 140 and thus in a direction generally perpendicular to
the upper structural surface. The charged particles have
suflicient energy to pass fully through layer 144 so as to form
straight tracks through layer 144 at random locations across
layer 144. FIGS. 23b and 24a illustrate the track formation.
The charged-particle tracks constitute damaged zones along
the particle paths.

The charged-particle tracks are indicated by reference
symbols beginning with “146” 1 FIGS. 23b and 24a.
Although the charged particles also pass through emitter
layer 142 (and typically into substrate 140), the charged
particles do not significantly damage layer 142 and therefore
do not create charged-particle tracks through layer 142. Two
of the lines that typically form layer 142 are shown 1n dashed
form 1n FIG. 24a. As indicated there, the tracks fall into two
categories: (a) tracks 146, extending through portions of
layer 144 overlying emitter layer 142 and (b) tracks 146,
extending through portions of layer 144 situated directly on
substrate 140 to the sides of layer 142.
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As with charged-particle tracks 26 above, charged-
particle tracks 146, and 146, (collectively “146”) extend
parallel to one another 1n a direction generally perpendicular
to the upper structural surface. Tracks 146 have similar
characteristics, to, and are formed according to the same
techniques as, tracks 26. The density of tracks 146 likewise
is 10°-10” tracks/cm?®, typically 10’—10° tracks/cm”. For
illustrative purposes, only a small portion of tracks 146 is
indicated 1 FIGS. 23b and 24a.

The damaged insulating material along tracks 146 1s
removed by bringing track layer 144 into contact with a
suitable chemical etchant that attacks the damaged track
material much more than the undamaged material of layer
144. As a result, generally circular pores are etched through
layer 144 along tracks 146 down to emitter layer 142. The
ctchant preferably does not significantly attack any other
parts of the field-emission structure.

The etch 1s continued 1nto the largely undamaged material
of track layer 144 to broaden the pores. Apertures 148, and
148, (collectively “148”) are thereby respectively created
along tracks 146, and 146,. See FIGS. 23c and 24b. Aper-
tures 148, expose corresponding portions of the upper
surface of emitter layer 142.

The full etch of track layer 144 1s performed 1n a laterally
uniform manner. Accordingly, each aperture 148 1s generally
circular 1n plan view as 1ndicated 1n FIG. 24b. Each aperture
148 1s also centered on corresponding track 146. The thick-
ness of layer 144 1s reduced during the etch.

The second part of the insulating-material etch can be
done with the etchant used during the first part or with
another etchant. In either case, components 140 and 142 are
not significantly attacked during the second part of the etch.
When track layer 144 consists of a polymer, both parts of the
ctch are preferably done with sodium hydroxide or potas-
stum hydroxide.

Apertures 148 reach an average mean diameter of 0.1-2
um, typically 0.2 um, along the bottom of the reduced-
thickness remainder 144 A of track layer 144. The aperture
diameter 1s substantially the same for all of apertures 148.
For 1llustrative purposes, the lateral dimensions of apertures
148 compared to the widths of the lines that form emitter
layer 142 are greatly exaggerated in the plan-view drawings.

Apertures 148, which extend through portions of track
layer 144A lying directly above substrate 140, do not
significantly affect device operation. Accordingly, apertures
148, are not discussed further below or shown 1n any of the
remaining drawings. In fact, the creation of apertures 148,
could be avoided by using an appropriate mask during either
the track-formation step or the aperture-etch step.

A cap layer 150 1s deposited on top of the structure as
shown in FIG. 23d. Cap layer 150 contains (a) main cap
regions 150A situated on emitter layer 142 at the bottoms of
apertures 148, and (b) a further cap region 150B situated on
top of track layer 144A. Cap layer 150 may be formed with
clectrically insulating material or with electrically non-
insulating material (or even with both types of material). For
example, layer 150 typically consists of a metal such as
chromium when emitter layer 132 1s conductively doped
silicon.

Cap layer 150 may be deposited by evaporating or sput-
tering the desired cap material. Alternatively, main cap
regions 150A can be formed by a selective deposition
technique such as electrochemical deposition. In this case,
substantially none of the cap material accumulates on track
layer 144A—1.¢., further cap region 150B 1s not formed.

The thickness of cap layer 150 1s less than the thickness
of track layer 144A. Specifically, the cap thickness 1s 0.05-1
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um, typically 0.2 um. Although not shown 1n FIG. 23d, small
pieces of the cap material may accumulate along the side-
walls of track layer 144 A above main cap regions 150A. To
the extent that such sidewall cap pieces are formed and not
removed during the track-material dissolving operation
described below, these sidewall cap pieces are removed
according to a conventional technique that may slightly

reduce the thickness of regions 150A and 150B.

The structure 1s subjected to an agent that dissolves track
layer 144A but does not significantly affect cap layer 150 or
any of the other structural components. All of layer 144A 1s
removed during the etch. Further cap region 150B (when
present) is lifted off during the removal of layer 144A to
produce the structure shown in FIG. 23¢. When layer 144 A
consists of a polymer such as polycarbonate, the dissolving
step 1s performed with chloroform. A dilute hydrofluoric
acid solution 1s used as the dissolving agent when layer
144A 1s glass. Since remaining cap regions 150A were
formed 1n apertures 148, cap regions 150A are respectively
centered on the locations of charged-particle tracks 146,.

Next, the structure 1s etched with an etchant that attacks
emitter layer 142 but does not significantly attack cap
regions 150A. The emitter etch 1s performed in such a way
as to uniformly remove (a) emitter material not covered by
cap regions 150A and (b) laterally adjacent emitter material
extending partway under regions 150A, thereby creating a
depression 152 1n layer 142. See FIGS. 23/ and 24c¢. Regions
150A act as etch masks to control the lateral extent of the
ctch. The etchant preferably i1s a reactive-ion etchant.

The emitter etch 1s conducted for a time sufficiently long
to underetch a large fraction of lower surface of each cap
region 150A but not long enough for depression 152 to reach
substrate 140 or for the tops of the sidewalls of depression
150 to form points below regions 150A. As a result, regions
150A remain in place. Item 142A 1n FIG. 23/ 1s the remain-
der of emitter layer 142. Along the upper surface of remain-
ing emitter layer 142A, depression 152 defines truncated
oenerally conical emitter portions 142B 1n layer 142A.
Because the etch 1s done uniformly, each emitter portion
142B 1s centered on, and thereby aligned to, overlying cap

region 150A.

Emitter portions 142B are sharpened by reacting emitter
material along the upper surface of layer 142A with one or
more other materials to form a layer 154 consisting of a
compound of these materials. FIG. 23¢g shows the resultant
structure. Item 142C 1s the remainder of emitter layer 142A.
The reaction process consumes an amount of emitter mate-
rial sufficient to enable generally conical electron-emissive
portions 142D to be defined 1n the emitter material along the
upper surface of layer 142C. Each emitter portion 142D has
a sharply pointed tip directed towards a corresponding one
of cap regions 150A.

Emitter portions 142D are generally cones even though
their side surfaces are concave as viewed from the side. Each
clectron-emissive cone 142D i1s centered on overlying cap
region 150A and therefore on the location of corresponding
charged-particle track 146,. Cones 142D have an average
height of 0.1-2 um, typically 0.2 um. The base diameter of
cones 142 1s approximately the same as that of cap regions
150A and, accordingly, approximately the same as that of
apertures 148, . That 1s, cones 142D have an average mean
base diameter of 0.1-2 um, typically 0.2 um.

Compound layer 154 1s preferably an oxide of the emitter
material. The emitter oxide 1s typically created by exposing
the structure to an oxygen-containing gas, such as wet or dry
oxygen, at high temperature. When emitter layer 142C 1s
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conductively doped silicon, layer 154 1s silicon oxide.
Likewise, layer 154 1s a metal oxide when layer 142C 1s
metal.

Electrically msulating material 1s deposited on the struc-
ture by causing the constituents of the insulating material to
move towards the upper surface of the structure 1n a direc-
tion largely perpendicular to the lower structural surface. As
shown 1n FIG. 23/, portions 156A of the msulating material
accumulate on cap regions 150A. A portion 156B of the
insulating material accumulates on the portion of compound
layer 154 not covered (or not shadowed) by regions 150A.
Insulating portions 156A and 156B together constitute a
discontinuous 1nsulating layer 156. The deposition of 1nsu-
lating layer 156 1s typically performed by sputtering or
chemical vapor deposition. Layer 156 typically consists of
silicon oxide.

Next, electrically non-insulating gate material 1s stmilarly
deposited on the upper surface of the structure 1n a direction
ogenerally perpendicular to the lower structural surface. As
also shown 1n FIG. 234, portions 158A and 158B of the gate
material respectively accumulate on insulating portions
156A and 156B. Gate portions 158 A and 158B together form
a discontinuous gate layer 158. The deposition of gate layer
158 1s typically performed by sputtering or evaporation.
Layer 158 usually consists of an electrical conductor, typi-
cally a metal such as molybdenum. Layer 158 could also be
formed with conductively doped semiconductor material
such as n-type or p-type polycrystalline silicon. The com-
posite thickness of insulating layer 156 and gate layer 158 1s
less than the height of emitter cones 142D.

Cap regions 150A are removed by subjecting the structure
to an etchant that attacks the exposed material of compound
layer 154 under cap regions 150A but does not significantly
attack the gate material or emitter layer 142C. For example,
a buffered hydrofluoric acid solution can again be employed
when layer 154 consists of silicon oxide. The portions of
layer 154 lying below cap regions 150A are thereby
removed. As a result, regions 150A are lifted off along with
overlying msulating portions 156A and gate portions 158A.
The etching of layer 154 normally extends slightly under
cgate portions 156A. FIG. 23: depicts the resultant structure
in which i1tem 154A is the remainder of layer 154.

The etchant typically attacks the side edges of insulating
portions 156B so as to slightly undercut remaining gate
portion 158B. Item 156C 1n FIG. 23 1s the remainder of
portion 156B. Of course, layer 156B will remain fully in

place to support gate portion 158B 1f the etchant does not
attack layer 156B.

Remaining gate portion 158B forms a patterned gate
layer. Emitter cones 142D preferably extend partially
through gate openings 160 1n patterned gate layer 158B.
Because cap regions 150A were respectively centered on
cones 142D, gate openings 160 are respectively centered on,
and thus aligned to, cones 142D.

Remaining insulating portion 156C (or 156B) forms a
patterned 1nsulating layer through which dielectric openings
162 extend. If remaining compound portion 154 A consists
of insulating material, portion 154A forms part of this
patterned 1nsulating layer. As with gate openings 160,
dielectric openings 162 are centered on cones 142D as the
result of the self alignment that occurs during the fabrication
process. Since each cone 142D 1s centered on the location of
corresponding charged particle track 146,, each gate open-
ing 160 and underlying diclectric opening 162 are centered
on the location of corresponding track 146,.

Using a suitable photoresist mask (not shown) gate layer
158B 1s patterned into a group of lines extending perpen-
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dicular to the lines that form emitter layer 142C. FIGS. 23
and 24d depict the final structure in which item 158C 1s the
patterned remainder of gate layer 158D. FIG. 24d illustrates
one of the lines that form patterned gate layer 158C. Emitter
cones 142D are electron-emissive elements which, in com-
bination with the underlying structural components, form a
cgated field emitter.

FIGS. 25b and 26b 1llustrate typical vertical cross sections
through the final structure of FIGS. 237 and 24d. FIG. 25b
represents the embodiment where emitter lines 142 are
conductively doped regions created 1n electrically resistive
semiconductor material. FIG. 26b represents the embodi-
ment where lines 142 consist of metal or conductively doped
semiconductor material formed on substrate 140.

As with lower non-insulating region 22 in the earlier-
described field emitters of the invention, emitter layer 142 1n
the field emitter of FIGS. 237 and 24d, could be provided as
a lower electrically conductive sublayer and an upper elec-
trically resistive sublayer. The conductive sublayer would be
formed with one or more of the electrical conductors
described above for layer 142. The resistive sublayer would
typically consist of cermet or lightly doped polycrystalline
silicon.

The field emitters of the present invention operate 1n the
following way when used 1n a flat-panel CRT display where
emitter layer 142 (in the embodiment of FIGS. 23j and 24d)
or lower non-insulating region 22 (in the other
embodiments) contains emitter lines that are situated below,
and cross, lines of the gate layer. An anode (or collector)
structure 1s situated a short distance away from the top of
cach emitter. The anode 1s maintained at high positive
voltage relative to the gate and emitter lines.

When a suitable voltage is applied between (a) a selected
one of the gate lines and (b) a selected one of the emitter
lines, the selected gate line extracts electrons from the
clectron-emissive elements at the intersection of the two
selected lines and controls the magnitude of the resulting
clectron current. Desired levels of electron emission typi-
cally occur when the applied gate-to-emitter electric field
reaches 20 volt/um or less at a current density of 1 mA/cm?
as measured at the phosphor-coated faceplate of the flat-
panel display. The extracted electrons are subsequently
collected at the anode.

Directional terms such as “lower” and “down” have been
employed 1n describing the present invention to establish a
frame of reference by which the reader can more easily
understand how the various parts of the invention {it
together. In actual practice, the components of a field emitter
may be situated at orientations different from that implied by
the directional terms used here. The same applies to the way
in which the fabrication steps are performed 1n the invention.
Inasmuch as directional terms are used for convenience to
facilitate the description, the invention encompasses 1mple-
mentations 1 which the orientations differ from those
strictly covered by the directional terms employed here.

The various electron-emissive elements and charged-
particle tracks (or track segments) have longitudinal axes
(not shown). Each electron-emissive element is generally
symmetric about its longitudinal axis. A reference to an etch
as being performed along a charged-particle track through a
track layer means that the removed material occupied a
volume containing at least part of the track’s longitudinal
ax1s 1n the track layer.

While the invention has been described with reference to
particular embodiments, this description 1s solely for the
purpose of illustration and 1s not to be construed as limiting
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the scope of the invention claimed below. For example, the
cgated area electron emitters of the invention have been
described as operating according to the field-emission mode
in which selected parts of the patterned gate electrode are
furnished with voltage sufficient to extract electrons from
selected electron-emissive elements. Nonetheless, another
mechanism such as photoemission or thermionic emission
could be employed to cause part or all of the electron
emission. In such embodiments, selected parts of the gate
clectrode typically collect electrons to cut off electron tlow

to corresponding parts of the anode.

Under certain conditions, the double-source deposition
utilized to form conical tips 102, in the fabrication process
of FIG. 9 can be replaced with a single-source physical
vapor deposition in which only the tip material 1s deposited.
No separate closure material 1s employed. The same applies

to the double-source deposition used to form cones 118, 1n
the process of FIGS. 10 and 11.

Instead of being formed with metal, tips 88D, and cones
102, and 118, could be formed with other electrical con-
ductors such as conductively doped semiconductors. Com-
ponents 88D, 102, and 118, along with gate layers 34, 40,
46, and 158 could be formed with electrically resistive
material such as lightly doped semiconductors. Gate layer
34, 40, or 46 could be patterned into lines running perpen-

dicular to the lines that form region 22.

Each of gate electrodes 34B, 40B, 46B (or 46A), and
158C could be employed to modulate the movement of
electrons extracted by the anode. Various modifications and
applications may thus be made by those skilled in the art
without departing from the true scope and spirit of the
invention as defined in the appended claims.

We claim:
1. A method comprising the steps of:

creating a structure 1in which an electrically insulating
layer lies over a lower electrically non-insulating
region, an electrically non-insulating gate layer lies
over the insulating layer, a lift-off layer lies over the
cgate layer, and a further layer lies over the lift-off layer;

providing a multiplicity of apertures through the further
layer;

ctching the lift-off layer through the apertures to form
corresponding lift-off openings through the Iift-off
layer;

ctching the gate layer through the lift-off openings to form
corresponding gate openings through the gate layer;

etching the insulating layer through the gate openings to
form corresponding dielectric open spaces through the
insulating layer;

forming a like multiplicity of electron-emissive elements
over the lower non-insulating region such that each
clectron-emissive element contacts the lower non-
insulating region through a corresponding one of the
diclectric open spaces, electrically non-insulating
material being deposited over the lift-off layer and into
the dielectric open spaces so as to form at least part of
cach electron-emissive element; and

removing the lift-off layer so as to substantially remove
any of the non-insulating material accumulated over the
lift-off layer.
2. A method as 1n claam 1 wherein the providing step
COMprises:

causing charged particles to pass through the further layer
to form a like multiplicity of charged-particle tracks
therethrough; and
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ctching the further layer along the tracks to form the
apertures.
3. Amethod as in claim 1 wherein the second-mentioned

ctching step includes etching the gate layer through the
apertures 1n the further layer.

4. A method as 1n claim 1 further including, prior to the
removing step, the step of removing the further layer.

5. A method as 1n claim 1 wherein the further layer
consists primarily of at least one of (a) organic polymer, (b)
glass, and (c) crystalline material.

6. A method as 1n claim 1 wherein each electron-emissive
clement comprises electrically non-insulating material gen-
erally 1n the shape of an electron-emissive cone that points
away from the lower non-insulating region.

7. Amethod as in claim 1 wherein each electron-emissive
clement further includes an electrically non-insulating ped-
estal situated between the lower non-insulating region and
that element’s cone.

8. Amethod as 1n claim 1 wherein each electron-emissive
clement 1s generally 1n the shape of a filament.

9. Amethod as 1n claim 1 wherein each electron-emissive
element comprises (a) an electrically resistive portion situ-
ated over the lower non-insulating region and (b) an elec-
trically conductive portion situated over the resistive por-
tion.

10. A method as 1n claim 1 wherein the lower non-
insulating region comprises an electrically conductive part
and an electrically resistive part situated over the conductive
part.

11. A method as 1n claim 1 wherein each lift-off opening
1s generally centered on the corresponding aperture, each
cgate opening 1s generally centered on the corresponding
lift-off opening, and each dielectric open space 1s generally
centered on the corresponding gate opening.

12. Amethod as in claim 1 wherein the electron-emissive
clements are operable 1n field-emission mode.

13. A method as 1n claim 1 wherein the forming step
entails depositing the non-insulating material for a time
sufficient to allow the non-insulating material to accumulate
in the dielectric open spaces generally 1n the shape of cones
that respectively form the electron-emissive elements.

14. A method as 1n claim 13 wherein the further layer
consists primarily of polycarbonate.
15. A method comprising the steps of:

providing a multiplicity of apertures through a track layer;

ctching an underlying lift-off layer through the apertures
to form corresponding lift-off openings through the
lift-off layer;

ctching an underlying electrically non-insulating gate
layer through the lift-off openings to form correspond-
ing gate openings through the gate layer;

ctching an underlying electrically insulating layer through
the gate openings to form corresponding dielectric open
spaces through the insulating layer down to an under-
lying lower electrically non-insulating region,;

depositing eclectrically non-insulating material over the
lift-off layer and into the dielectric open spaces such
that the non-insulating material accumulates 1 the
dielectric open spaces generally 1n the shape of corre-
sponding electron-emissive elements that contact the

lower non-mnsulating region; and

subsequently removing the lift-off layer so as to substan-
tially remove any material overlying the lift-off layer.
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16. A method as 1n claim 15 wherein the providing step 17. A method as in claam 16 wherein the track layer
COMPIISES: consists primarily of at least one of (a) organic polymer, (b)
causing charged particles to pass through the track layer glass, and (c) crystalline material.
to form a like multiplicity of charged-particle tracks 18. A method as in claim 16 wherein the track layer
therethrough; and 5

consists primarily of polycarbonate.
ctching the track layer along the tracks to form the

apertures. I N T
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